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Abstract 

 

Surface-Mediated Chemical Transformations of Aerosol Particles and Droplets 

 

by 

 

Michael I. Jacobs 

 

Doctor of Philosophy in Chemistry 

 

University of California, Berkeley 

 

Professor Richard Saykally, Co-chair 

Dr. Kevin Wilson, Co-chair 

 

 

Atmospheric aerosol particles and droplets play a crucial role in Earth’s climate system by 

absorbing or scattering incoming solar radiation and nucleating cloud formation. In the 

atmosphere, particles and droplets can undergo significant changes in chemical composition, 

volatility and hygroscopicity via photochemical reactions, heterogeneous oxidation, condensation 

of low-volatility organic species, and homogeneous chemistry. Understanding these aging 

mechanisms is vital to evaluate the broader impacts of aerosol in the atmosphere. Because aerosol 

particles have a larger fraction of molecules at the surface compared to bulk solution, interface-

mediated chemical transformations are expected to play a larger role in particles and droplets, 

potentially influencing the atmospheric aging mechanisms. Both heterogeneous and homogeneous 

reactions in aerosol particles and droplets can be altered by changing the chemical nature of the 

interface. This thesis addresses the fundamental role of the interface in altering heterogeneous 

reactions in diffusion-limited particles and in altering homogeneous reaction rates in droplets. 

In the first part of this thesis, aerosol photoemission is used to probe the evolving chemical 

nature of the surface of diffusion-limited solid aerosol particles. X-ray absorption (XAS) and X-

ray photoelectron (XPS) spectroscopy are used to study the surface of squalene particles as they 

heterogeneously react with ozone. This is the first demonstration of aerosol photoemission to study 

free nanoparticle reactivity, providing insights into the ozonolysis mechanism (e.g., measuring a 

16% yield of secondary ozonides). To characterize the surface sensitivity of the photoemission 

probes, the low kinetic energy (<5 eV) electron attenuation lengths in organic aerosol are 

measured. Electrons with >2 eV kinetic energy (which are used in the XAS measurements) are 

found to have electron attenuation lengths of 3-4 nm. Finally, the photoemission is used to study 

surfaces of diffusion-limited particles as they are heterogeneously oxidized by the OH radical. 

Even though bulk reactivity is low, the surfaces of diffusion-limited particles are measured to 

oxidize much more rapidly than the surfaces of particles that mix more rapidly. The chemical 

gradients that form in the diffusion-limited particles from oxidation are much steeper than initially 

expected, resulting in particles with highly oxidized surfaces at relatively low oxidant exposures. 

The second part of this thesis introduces new methods to study how interfaces can alter 

homogeneous reaction rates in droplets. Reactions in droplets have typically been probed in 

electrospray ionization droplets using mass spectrometry, which convolutes many different factors 

that can influence reaction rates. A new method which separates droplet generation from ionization 
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is presented to help isolate the role of the interface in altering homogeneous reaction rates. 

Furthermore, a branched quadrupole trap (BQT), which can contactlessly levitate and merge 

droplets with precisely known compositions is described. Preliminary results from the BQT 

suggest that the synthesis of a fluorescent isoindole product is 20% faster in a 60-μm droplet 

compared to bulk solution, suggesting adsorption to and reaction at the interface can alter reaction 

rates in droplets.
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Chapter 1: Introduction 
 

Atmospheric aerosol—suspended particulate matter generally composed from a mixture of 

organic and inorganic components—plays a significant role both in Earth’s climate system and in 

human health. Aerosol influences climate by absorbing or scattering incoming solar radiation, or 

by nucleating cloud formation.1 Additionally, toxicological studies in both humans and animals 

have found that adverse health effects—such as asthma and cardiovascular disease2,3—are 

correlated with exposure to aerosol particles. The composition and physical state of atmospheric 

aerosol influences both its climate and health effects. Once emitted, atmospheric aerosol particles 

can undergo significant transformations through photochemical reactions, heterogeneous 

oxidation, condensation of low-volatility organic species, and homogeneous aqueous chemistry to 

make them increasingly oxidized, less volatile and more hygroscopic.4,5 These chemical 

transformations affect the atmospheric fate and broader impact of an aerosol particle. For example, 

atmospheric aging can change a particle’s propensity to act as cloud condensation nucleus,6 or 

change how it absorbs or scatters incoming solar radiation.7 Understanding the heterogeneous and 

homogeneous chemical transformations of atmospheric aerosol particles is important to 

understanding their role in the atmosphere. 

Aerosol particles and droplets have several unique physical properties which can result in 

a chemical environment that is significantly different from bulk solution. Without any nucleation 

sites, aerosol particles can exist in metastable supersaturated or supercooled states that are not 

accessible in the bulk. Thus, aerosol particles can exist with extremely large ionic strengths and 

viscosities. Furthermore, aerosol particles and droplets have a significantly larger fraction of 

molecules residing at the surface when compared to bulk samples. Thus, surface-mediated 

processes (such as transfer across the gas-condensed phase interface,8 heterogeneous reactions,9 

or homogeneous reactions on the interface10) are much more facile in aerosol particles and droplets 

than bulk samples. However, the role interfaces can play in altering the reactivity of atmospheric 

aerosol particles and droplets is still uncertain. This thesis aims to address the fundamental role of 

the interface in altering heterogeneous reactions in diffusion-limited particles and in altering 

homogeneous reaction rates in droplets. 

 

I. Chemical Transformations in Diffusion-limited Aerosol 

 

Recent laboratory and field studies have determined that in addition to the liquid state, 

atmospheric aerosol particles exist as highly viscous semisolids.11–14 High viscosities arrest 

diffusion in aerosol particles and can make particles slow to adapt to changing atmospheric 

conditions. A particle’s viscosity (η) can be related to a diffusion coefficient (D) in a particle by 

the Stokes-Einstein relationship: 

 

 𝜂 =  
𝑘𝑏𝑇

6𝜋𝑟𝐷
, (1.1) 

 

where kb is Boltzmann’s constant, T is the temperature, and r is the radius of the molecule or 

particle. Atmospheric organic aerosol particles are estimated to have viscosities ranging from <102 

to >108 Pa s.14,15  As a point of reference, honey has a viscosity of ~101 Pa s and tar pitch has a 

viscosity of ~108 Pa s. This wide range of viscosities creates a large range of diffusion coefficients, 

which can affect the time it takes for a particle to diffusively mix (tmix): 
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 𝑡𝑚𝑖𝑥 =  
𝑎2

𝜋2𝐷
, (1.2) 

 

where a is the radius of the aerosol particle. Based on the range of expected viscosities in the 

atmosphere, the mixing times for a typical ~200 nm atmospheric aerosol particle could range from 

<1 ms to greater than 1 year. 

Slow molecular diffusion within particles with very high viscosities can lead to the 

formation of steep chemical gradients as the surface composition adapts to changes in atmospheric 

composition much more rapidly than the bulk. For example, large viscosities can significantly 

affect evaporation from particles.16–18 This is because evaporative flux is not only controlled by 

the specific molecular components of a particle, but also by transport of species to the aerosol 

surface. Similarly, chemical gradients can form via the uptake of water, condensation of gas phase 

species and/or oxidation chemistry at the interface. For example, when a diffusion-limited 

nanoparticle heterogeneously reacts, its surface can transform more rapidly than its interior and a 

steep chemical gradient can form within the particle.19–24  Overall, internal diffusion limitations 

greatly impact the predicted quantity of aerosol in the troposphere by changing atmospheric aging 

rates during aerosol transport from polluted, urban regions to remote, pristine environments and 

changing the atmospheric fate of particles. For example, the chemical nature of an aerosol 

particle’s surface can influence its ability to act as a cloud condensation nucleus (CCN).6 Thus, 

understanding how surfaces of aerosol particles change and how gradients in particles can form is 

important to understanding and predicting the atmospheric fate of aerosol particles. 

The techniques that are commonly used to study aerosols—such as aerosol mass 

spectrometry (AMS)25 scanning transmission X-ray microscopy,26 scanning electron 

microscopy,27 and chromatographic methods coupled with mass spectrometry28—probe the entire 

particle volume. These techniques measure an average bulk composition and are unable to detect 

spatial heterogeneity that is expected to form in diffusion-limited aerosol particles. There has been 

work to develop analytical techniques that are more surface sensitive and can measure spatial 

heterogeneity within aerosol particles. For example, depth profiling of aerosol particles was 

achieved by introducing a particle stream into a heated gas stream and only ionizing/detecting the 

gas-phase species that evaporated from the particles.24,29,30 Additionally, surface sensitivity has 

been achieved by using extractive electrospray ionization to desorb and ionize molecular species 

from the surfaces of aerosol particles.31,32 Offline measurements have also performed surface-

sensitive spectroscopic techniques (such as sum frequency generation) on particles collected onto 

a filter.33,34 However, there are few online, universally surface sensitive measurements that can 

measure the formation of chemical gradients within a particle.  

One universally surface sensitive measurement that can be used to probe the evolving 

nature of an aerosol’s surface is photoelectron spectroscopy. Photoelectron spectroscopy is based 

on the photoelectric effect where the energy of an incident photon (hν) can be absorbed by a 

valence or core shell electron of an atom. If the photon energy is greater than the binding energy 

(BE) of the electron, then the electron can be excited to the vacuum level and its kinetic energy 

(KE) can be measured. From the difference of the incident photon energy and the measured KE, 

the BE of the electron within the atom can be determined. For a core-level photoelectron, the BE 

is sensitive to an atom’s chemical bonds to other neighboring atoms and can provide information 

on the oxidation state of the atom or different functional groups. Because photoelectrons have a 

short inelastic mean free path (IMFP), or the distance an electron travels before scattering and 

losing some kinetic energy, only electrons near the surface escape to vacuum with the original 

kinetic energy. The IMFP can vary between a few angstroms to several nanometers and is 
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dependent on the energy of the photoelectron and the chemical composition of the surface.35,36 

Because gas-phase species can also inelastically scatter electrons, photoelectron spectroscopy has 

conventionally been limited to ultra-high vacuum experiments. However, through the use of 

differentially pumped electron analyzers, photoelectron studies have been expanded to higher 

pressures and many different types of samples37 (such as liquid jets,38 droplet trains,39 and free 

aerosol particles40,41).  

The study of photoemission from free aerosol particles is still in its infancy. Several 

experiments have used ultraviolet photoelectron spectroscopy (UPS) to study the electronic 

structure of free nanoparticles.42–51 Many of these studies have used a velocity map imaging 

spectrometer to image a projection of the nascent photoelectron distribution of low energy 

electrons that originated from valence energy levels.42–50 Additionally, X-ray photoelectron 

spectroscopy (XPS) studies have probed free nanoparticles to provide elemental information of 

the surface.40,49,52–58 As an example of spatial heterogeneity in aerosol particles that can be 

observed with photoelectron spectroscopy, photoemission was used to study salt aerosol particles 

composed of NaCl and NaBr. At low bromide concentrations, the bromide ions were found to 

segregate completely to the interface, meaning the composition of surface in these salt particles 

did not match that of the bulk.52 Thus, photoelectron spectroscopy of free nanoparticles is a surface 

sensitive probe that can study changes in the surface composition and formation of chemical 

gradients in aerosol particles as they undergo heterogeneous chemical transformations. 

 In this thesis, photoemission is used to study the surfaces of aerosol particles as they react 

as well as electron scattering dynamics in aerosol particles. In Chapter 2, photoemission from free 

aerosol particles is used to study the surfaces of well-mixed aerosol particles as they are 

heterogeneously oxidized. In Chapter 3, the surface sensitivity of photoemission probes are 

examined by measuring the electron attenuation lengths at various low kinetic energies. Finally, 

measurements probing the surfaces of diffusion-limited aerosol particles that are heterogeneously 

oxidized are presented in Chapter 4. 

 

II. Interface-Mediated Homogeneous Chemistry  

 

 Chemistry in micron-sized compartments is ubiquitous in nature. For example, chemical 

reactions sustaining life occur in cells, reactions in hydrothermal vents are used to explain the 

origins of life,59 and aqueous reactions transform the composition of atmospheric aerosol 

particles.5 In each of these environments, the importance of the interface is magnified; the fraction 

of molecules at the surface relative to bulk is significantly enhanced compared to bulk solution. 

While reactions at solid interfaces is the foundation for catalysis chemistry (starting from simple 

reactions, such as carbon monoxide oxidation on a platinum surface),60 it is unclear what role soft 

interfaces can play in changing reaction dynamics. The properties at soft interfaces (such as 

solvation energies and local concentration) can be significantly different than those in bulk 

solution. These differences could affect reaction dynamics. Chemistry reaction rates and 

mechanisms have been found to change when interfaces and multiple phases are introduced to 

solution. For example, many reactions have been postulated to be dramatically accelerated when 

performed in aqueous suspensions (“on-water”),61,62 and micelles composed of specialized 

surfactants have been used as micro-reactors to preferentially react molecules.63 However, the 

potential role of soft interfaces in driving these rate enhancements is largely unknown.  

There have been several studies that have tried to directly measure chemistry mediated by 

a soft interface. For example, a study using a Langmuir trough observed the condensation of two 
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amino acid analogues at the air-water interface.64 This reaction is thermodynamically unfavorable 

in bulk solution because water must be eliminated. In addition, the zwitterionic form of the amino 

acid (the form most commonly found in solution) cannot undergo the reaction. However, because 

the properties and chemical environment of the interface are different from the bulk, the 

condensation reaction could occur. In another study, a reversible imine synthesis was studied in 

aqueous droplets suspended in oil in a microfluidic device.10 At smaller droplet sizes (where the 

fraction of the molecules at the interface relative to the bulk was largest), the reaction kinetics were 

enhanced and the product formation was favored. The change in reaction dynamics was attributed 

to a weak adsorption of reactants to and subsequent reaction on the interface. The adsorption 

mechanism was suggested to be a universal mechanism for synthesis at a soft interface, but this 

has not yet been validated. Thus, significant work remains to understand reactions at soft 

interfaces. 

Droplets provide a unique platform to study chemical reactions. They can exist in 

supersaturated states (which are not readily accessible in the bulk), and they have a large number 

of species at the interface relative to the bulk (which can be changed by changing the size of the 

droplet). For these two reasons, studies of chemistry in droplets has increased dramatically 

recently.65 Many studies have reported that reactions in droplets generated by an electrospray 

ionization (ESI) source occur at significantly enhanced rates compared to bulk solution.66–78 An 

ESI source generates highly charged droplets by applying a high voltage to a solution.79 Rate 

enhancements in these studies were typically probed using mass spectrometry and looking for new 

product ions that arose when the reactants were mixed before being sprayed. A growing number 

of reaction classes have been observed to react at enhanced rates in ESI droplets (e.g., isoquinolone 

and quinolone syntheses,67 redox reactions,68 Hantzsch synthesis,76 Claisen-Schmidt 

condensation,77 and Fischer indole synthesis78). However, a common thread that explains each of 

these rate enhancements is not readily apparent. 

There are several possible mechanisms that could explain the reaction rate enhancements 

observed in ESI droplets. Evaporation from droplets can lead to increasing reactant concentrations 

and faster reaction kinetics. Studies performed on thin films that are free to evaporate have found 

similar reaction rate enhancements compared to droplets, suggesting evaporation can contribute to 

significant rate enhancments.80–82 The pH in electrospray droplets could also be significantly 

different than that of bulk solution.83 For example, the acid-catalyzed synthesis of isoquinolone 

and quinolone was observed in ESI droplets without the addition of acid.67 Thus, in conjunction 

with evaporation from the droplets, extremes in pH values and droplet conditions could drive acid-

catalyzed chemistry within the droplet. In addition, without proper controls, gas-phase reaction in 

the inlet of the mass spectrometer could be mistaken for in-droplet reaction and contribute to the 

observed rate enhancement.84 Finally, reactions at the surface of the droplet could lead to faster 

reaction kinetics. Supporting this mechanism are reaction rate enhancements that have been 

observed in uncharged, non-evaporating droplets, such as droplets in oil-water emulsions,10 

droplets levitated by the Leidenfrost effect (i.e. droplets suspended on a heated surface by an 

insulating vapor layer keeps them from boiling rapidly),85,86 and droplets levitated in an acoustic 

trap 87 or electrodynamic balance.88 However, the multitude of possible mechanisms explaining 

the reaction rate enhancements observed in ESI droplets suggests a more controlled and careful 

study of reactions in droplets is necessary. 

In this thesis, potential mechanisms explaining reaction rate enhancements are explored, 

and new methods are developed to understand reactions in micron-sized droplets. In Chapter 5, 

potential gas-phase reactions in ESI droplets are examined and a technique to rule out their 
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contribution to observed rate enhancements is described. Chapter 6 describes the construction and 

first use of the branched quadrupole trap (BQT), which can merge two electrodynamically 

levitated droplets to initiate chemistry in micron-sized droplets. The BQT is designed and 

constructed to isolate surface reactions from other possible sources of enhanced rates in droplets. 
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Chapter 2: Probing the Heterogeneous Ozonolysis of Squalene Nanoparticles 

by Photoemission 
 
The content and figures of this chapter are reprinted or adapted with permission from Jacobs, M. I.; Xu, 

B.; Kostko, O.; Heine, N.; Ahmed, M.; Wilson, K. R., ”Probing the Heterogeneous Ozonolysis of 

Squalene Nanoparticles by Photoemission” J. Phys. Chem. A, 2016, DOI: 10.1021/acs.jpca.6b09061 
 

I.  Introduction: 

 

 Aerosol surfaces play a significant role in heterogeneous chemical reactions in the 

atmosphere with larger scale impacts on both human health89 and climate.1 Recent investigations 

suggest that secondary organic aerosol (SOA)—particles derived from the condensation of non-

volatile organic gas phase species—can exist in a semi-solid, diffusion-limited state.11,13 

Evaporation16–18 and heterogeneous oxidation19–22 studies suggest that diffusion limitations lead to 

the formation of interfacial chemical gradients within aerosol particles. Since heterogeneous 

chemistry is largely controlled by the species present at the surface, these steep chemical gradients 

are expected to change the atmospheric fate of aerosol by altering mechanisms for water uptake, 

condensation of gas-phase species, and oxidation. 

 So far the study of the chemistry on diffusion-limited aerosol has been accomplished by 

aerosol methods which probe the chemistry of the entire particle volume—such as aerosol mass 

spectrometry (AMS),25 scanning transmission X-ray microscopy,26 scanning electron 

microscopy,27 etc.—or methods that probe loss of gas phase species due to uptake onto 

surfaces.20,90 These techniques are not able to directly measure the chemical species at the surface, 

nor the formation and dissipation of chemical gradients within the particle. Thus, alternative 

methods (such as photoelectron spectroscopy) are needed to study the surfaces of particles 

undergoing atmospheric reactions.  

 Photoelectron spectroscopy is surface sensitive due to the short inelastic mean free path of 

photoelectrons.36 Several experiments have used ultraviolet photoelectron spectroscopy (UPS) to 

study the electronic structure of free nanoparticles.42–47 Additionally, X-ray photoelectron 

spectroscopy (XPS) studies have probed free nanoparticles to provide elemental information of 

the surface.40,52,55,56 Due to instrumental constraints, XPS has been primarily used to study 

heterogeneous chemistry on thin films or monolayers.91–94 Similarly, near edge X-ray absorption 

fine structure (NEXAFS) measurements have been performed on both free41,95 and deposited 

nanoparticles.26,96,97 However, studying aerosol chemistry with NEXAFS has been limited to 

probing deposited particles.90 Deposition may alter the physical and chemical properties of aerosol, 

motivating the need to study free particles. In this chapter, a velocity map imaging (VMI) 

spectrometer that is capable of detecting photoelectrons with up to 40 eV of kinetic energy is 

described and used to probe the chemistry of free aerosol particles using VUV and X-ray 

photoelectron spectroscopy. This instrument is used to measure heterogeneous uptake coefficients 

and to determine how the surface composition of squalene aerosol changes upon oxidation by O3.  

 Squalene (C30H50) is a branched, unsaturated (six double bonds) hydrocarbon. The six 

double bonds in squalene react readily with ozone (O3).98 As the single most abundant component 

found on human skin (accounting for ~10% of surface lipids),99 squalene is the most significant 

ozone reactive constituent in indoor environments.100 Because of its reactivity and relative 

importance for indoor air quality, several studies have measured the kinetics and products of 

squalene ozonolysis using either attenuated total reflection infrared spectroscopy (ATR-IR)101,102 
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or mass spectrometry.100,103,104 While capable of measuring reaction kinetics and (for the case of 

mass spectrometry) products, it is difficult to obtain quantitative product yields with either of these 

techniques; mass spectrometry suffers from differences in ionization efficiencies, and IR intensity 

convolutes both concentration and orientation. Because photoelectron intensity scales directly with 

the number of species present, it is capable of quantitatively measuring product formation via 

functional group yields.  

 In this chapter, the heterogeneous ozonolysis of squalene nanoparticles is examined using 

UPS, XPS, and NEXAFS techniques. These photoemission approaches are combined with the 

molecular information obtained via aerosol mass spectrometry to construct a self-consistent picture 

of the heterogeneous reaction rate and product yields observed during the reaction.  

 

II. Experimental Methods: 

 

a. Flow Tube Setup: The heterogeneous ozonolysis of squalene was performed using a flow tube 

reactor. Details of the experimental setup have been described elsewhere,105,106 but a short 

description and schematic (Figure 2.1) are presented here. Squalene nanoparticles were formed via 

homogenous nucleation by passing dry N2 over a heated reservoir (135°C for AMS experiments 

and 150°C for VMI experiments) containing pure squalene. As the flow cooled, particles nucleated 

into sizes that were log-normal in distribution with an average particle size of ~200±40 nm.  The 

particle laden flow was mixed with ozone, humidified and dry N2, and O2. 2-methyl-2-butene 

(2M2B) was added to the flow as a gas phase ozone tracer. The total flow rate was kept at 1 L/min, 

with 0-6 ppm ozone, 30% relative humidity (RH), 10% oxygen and 0.5 ppm 2M2B. Particles 

reacted in an atmospheric pressure flow tube reactor (140 cm length, 2.5 cm i.d.) with an average 

residence time of ~37 s.  

 
Figure 2.1. Schematic of flow tube setup (2M2B = 2-methyl-2-butene, GC = Gas Chromatograph, SMPS = 

Scanning Mobility Particle Sizer, AMS = VUV Aerosol Mass Spectrometer, VMI = Velocity Map Imaging 

spectrometer). 
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 The decay of the gas phase tracer was monitored with a gas chromatograph (GC) equipped 

with a flame ionization detector (SRI Instruments). Changes to the particle size distribution were 

monitored with a scanning mobility particle sizer (SMPS, TSI). After oxidation, the aerosol was 

sampled into either a vacuum ultraviolet aerosol mass spectrometer (VUV-AMS)107 to determine 

particle composition or a VMI spectrometer to measure particle photoemission. 

 

b. VUV-AMS Measurements: The chemical composition of the aerosol was determined using a 

home-built tunable vacuum ultraviolet photoionization aerosol mass spectrometer (VUV-AMS), 

previously described.107 Briefly, a collimated particle beam was generated using an aerodynamic 

lens. The particles were vaporized as they impinged on a heated copper block (140 °C). Vaporized 

aerosol components were ionized using VUV radiation, and detected in a time of flight mass 

spectrometer. A photon energy of 9.6 eV was used in the majority of experiments, which were 

conducted at the Chemical Dynamics Beamline (9.0.2) at the Advanced Light Source (ALS), 

Lawrence Berkeley National Laboratory (LBNL). 

 

c. X-ray (XPS) and Ultraviolet (UPS) Photoelectron Spectroscopy: Aerosol photoemission was 

detected using a home-built velocity map imaging (VMI) spectrometer. A schematic of the 

spectrometer is shown in Figure 2.2a. Details of its construction and design can be found in Kostko, 

et al.108  The study of free nanoparticles with XPS is in its infancy, with only a few publications. 

Most of the previous studies used an aerodynamic lens coupled with a hemispherical electron 

analyzer, which requires long collection times.40,52,56 A conventional hemispherical energy 

 
  

Figure 2.2. a) Schematic of the VMI spectrometer. b) UPS image of squalene nanoparticles collected at E = 15 

eV. c) XPS image of squalene nanoparticles collected at E = 310 eV. 
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analyzer has an acceptance angle of up to ~44°109 compared with the 4π collection efficiency of 

VMI spectrometers, which allows for an order of magnitude improvement in collection efficiency. 

 In a typical experiment, aerosol particles passed through a 150 μm flow limiting orifice 

(with a flow rate of 2.5 cm3/s) into an aerodynamic lens. The aerodynamic lens consists of five 

separate apertures that focus the particles into a tightly collimated beam.110 A similar aerodynamic 

lens configuration has been used extensively in both previous VMI and VUV-AMS 

measurements.42,43,107 The beam of particles passed through two stages of differential pumping 

into the interaction region where the particle and photon beams intersected at 90°. The operating 

pressure in the interaction region was ~10-7 Torr. Residual water vapor and gas phase organic 

species in the interaction region were removed by a liquid nitrogen trap.  

 The VMI spectrometer consists of three electrodes: repeller, extractor and lens. 

Photoelectrons were produced when the particle beam intersected synchrotron radiation between 

the repeller and extractor electrodes. Voltages were applied to the electrodes to achieve “velocity 

mapping” conditions where all electrons with the same momentum in the plane of the detector 

were imaged to the same point.111 Electrons were accelerated toward a dual multichannel plate 

coupled to a fast phosphor screen (both made by Photonis). The images were collected using a 

CMOS camera. The 2-D photoelectron images represent a projection of the nascent 3-D 

photoelectron velocity distribution. Using typical image processing techniques (BASEX112 and 

pBASEX113), the 3-D velocity distribution was reconstructed. By integrating angularly, a speed 

distribution can be extracted and then converted to a kinetic energy distribution. 

 The image collection procedure for the UPS and XPS experiments was similar. Image 

accumulation times were 300-500 s. At each oxidation condition, images were collected in 

triplicate. A background image was collected by placing a high efficiency particulate air (HEPA) 

particle filter in line with the flow limiting orifice. The background image was subtracted from the 

data image to obtain a final image with signal arising from only particles. UPS measurements and 

all X-ray measurements were conducted at the ALS at the Chemical Dynamics Beamline (9.0.2) 

and beamline 6.0.2, respectively. 

 An example squalene UPS image is shown in Figure 2.2b. The asymmetry in the image is 

due to the shallow penetration depth of the VUV radiation.43–45,48 From the refractive index of 

squalene, 15 eV light only penetrates ~6.5 nm into the nanoparticle.114 Thus, photoemission is 

significantly preferred from the “front side” of the particle (where light impinges on the particle 

and photon flux is largest) leading to the angular asymmetry observed in Figure 2.2b (i.e. 

shadowing of the particle).44,48  

 Figure 2.2c shows an example of a squalene XPS image. Compared to the UPS image, the 

XPS image is more symmetric. Soft X-rays penetrate several microns in squalene (compared to 

~6.5 nm for VUV radiation), which means incident X-rays will ionize molecules uniformly 

throughout the particle and thus, unlike the VUV case, there is no preference in the direction of 

electron emission. Despite the long penetration lengths of X-rays, it is the short inelastic mean free 

path of the emitted C1s photoelectrons that makes the technique surface sensitive.  

 The BASEX algorithm used to extract kinetic energy spectra from the velocity map 

imaging (VMI) images reconstructs the 3D image by treating the projection and 3D image as a 

linear combination of the same basis set of functions and finding the expansion coefficients. This 

method requires cylindrical symmetry with respect to the polarization vector of the excitation 

laser.112 Without cylindrical symmetry, the kinetic energy (KE) spectrum extracted from an image 

could be distorted. While UPS images are often asymmetric (e.g. Figure 2.2b), cylindrical 

symmetry exists along the light propagation axis. Because light from the synchrotron is 



10 

 

horizontally polarized, symmetry will still exist with respect to photoemission from the top/bottom 

and left/right halves of the nanoparticles (directions shown below in Figure 2.3a). To assess the 

potential for distortion from lack of cylindrical symmetry, we have simulated both symmetric 

emission and non-symmetric emission using SMION and extracted KE spectra from the resultant 

2D VMI projections. In the simulations, 10,000 electrons with 1, 2…, 10 eV KE were flown and 

mapped onto a detector. In the symmetric case, the emission angle was isotropic. As shown below 

in Figure 2.3a and 2.3b, in the non-symmetric case, the emission of electrons was constrained to a 

cone centered along the light propagation vector with a half angle of 45 degrees. This scenario 

represents an extreme situation where electrons can only be emitted from the front of the 

nanoparticle. It retains the top-bottom, left-right symmetry that exists in the nanoparticle 

photoemission, but lacks cylindrical symmetry with respect to the polarization vector of the light 

(i.e. extreme front-back asymmetry). The BASEX algorithm was used to reconstruct both the 

symmetric and non-symmetric simulations. As shown in Figure 2.3c, the shapes of the extracted 

KE spectra are very similar, with no noticeable distortions of the spectral features introduced by 

 
Figure 2.3. Cross-section of the VMI along drift tube (a) and down from detector (b) showing the modelled 

asymmetric emission of electrons. For the asymmetric emission, electrons were constrained to a cone centered 

along the light propagation vector with a half angle of 45 degrees. (Note: No electric fields were present in these 

images, and the trajectories of the electrons in these images do not match those when the simulation was run). c) 

The speed distribution of the symmetric simulated image (10,000 electrons with 10, 20… 100 eV kinetic energy 

emitted randomly) is compared with the speed distribution from an asymmetric simulated image. Both images pre-

reconstruction are shown in the insets on the left. The speed distributions show that the overall shape of spectral 

features is unaffected by the asymmetry of the initial image. d) The positions of the spectral features are compared 

to the “true” energies ascertained by the symmetric image. No radial distortion is present in the reconstruction 

from the asymmetric image.   
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the emission asymmetry (Figure 2.3d).  Thus, asymmetry in the UPS VMI projections are not 

expected to introduce significant distortion in the photoemission spectra extracted with the 

BASEX algorithm. Because no asymmetry is observed in VMI projections from X-rays, all of the 

symmetry requirements for the BASEX algorithm are satisfied for XPS measurements. 

 Based on typical aerosol concentrations (~2 x 106 particles/cm3 as measured by the SMPS) 

and a flowrate of 2.5 cm3/s through the aerodynamic lens, particles were introduced to the VMI 

spectrometer at a rate of 5 x 106 particles/s. Under ideal conditions, the particle beam was focused 

to ~100 μm with particles travelling roughly 150 m/s.25 The estimated size of the incident X-ray 

beam from beamline 6.0.2 is ~200 x 200 μm. Based on the size of the interaction region and the 

speed of the particles, it is estimated that there were 6-7 particles in the X-ray interaction region at 

any one time. If the particles had a diameter of 200 nm and the entire cross section was available 

for probing, then particles only account for ~(5 x 10-4)% of the interaction region. The estimated 

flux at 310 eV is 3 x 1011 photons/s. Thus, based on the flux and cross-sectional area of the particles 

in the interaction region, only ~2 x 106 photons/s (or ~0.4 photons/particle) interact with the 

particles. This indicates that multiple ionization events were unlikely and charging effects were 

minimal. 

 

d. Near Edge X-ray Extended Fine Structure (NEXAFS) Measurements: NEXAFS 

spectroscopy involves the excitation of core level electrons into unoccupied bound or continuum 

states. Because the partially filled and empty states are often diffuse and influenced by surrounding 

molecules, NEXAFS is a sensitive probe of the bonding environment around a molecule. 

Additionally, by looking for specific spectroscopic transitions (such as the 1sπ* double bond 

feature), NEXAFS can be used as a probe of functional groups.115  

 Partial electron yield (PEY) NEXAFS measurements of free aerosol particles were 

collected by measuring the intensity of secondary electrons. Shown in Figure 2.4a is a typical 

photoelectron kinetic energy distribution from squalene nanoparticles probed with 310 eV X-rays. 

The high signal intensity at low kinetic energies is due to secondary electrons. Secondary electrons 

result from the inelastic scattering of higher energy electrons (such as photoelectrons or Auger 

electrons).116 Thus, the intensity of the secondary electrons is directly related to the absorption 

cross section of the particle.  

 Carbon and oxygen K edge NEXAFS measurements were collected by scanning the 

beamline photon energy from 280-300 eV and 528-556 eV, respectively. The energy step-size for 

both carbon and oxygen K edge NEXAFS spectra was 0.2 eV. At each energy, images were 

collected for 10 s. A PEY NEXAFS spectrum was obtained by summing over the center of a 

background-subtracted image (e.g. photoelectrons with KE < 10 eV as shown in Figure 2.4a). A 

photodiode located at the back of the VMI spectrometer was used to measure photon flux at each 

energy, which was needed to normalize the electron signals. An example carbon K edge NEXAFS 

spectrum of squalene aerosol with selected images is shown in Figure 2.4b.  

 The NEXAFS spectra were normalized before kinetics were extracted. The carbon K edge 

NEXAFS spectra were area normalized using the PEY signal from 286 to 300 eV (the signal after 

the 1sπ* transition). The oxygen K edge NEXAFS spectra were normalized to the pre-edge 

intensity (528-529 eV). This background signal in the oxygen K edge NEXAFS spectra is 

proportional to the surface area of the particles (as measured with the SMPS) and is derived from 

carbon K edge absorption.  
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e. Kinetic Analysis: For each measurement, an effective uptake coefficient (γeff) was quantified. 

γeff is the number of molecules consumed per O3 collision with the particle. The magnitude of γeff 

may depend upon the experimental technique employed.  For example, γeff could be computed 

from either the molecular decay of squalene (i.e. mass spectrometry) or by the decay of its C=C 

functional groups (i.e. UPS, NEXAFS and XPS). In a “closed” system, where chemical species 

cannot leave the particle, the molecule-derived uptake coefficient (γM,eff) and functional group-

derived uptake coefficient (γFG,eff) are related simply by: 

 

 𝛾𝑀,𝑒𝑓𝑓 = 𝐹𝐺 ∗  𝛾𝐹𝐺,𝑒𝑓𝑓 ,                                                    (2.1) 

 
Figure 2.4. a) An example squalene XPS measurement at 330 eV photon energy. The low kinetic energy secondary 

electrons (<10 eV, left of red line) were used to measure NEXAFS spectra. b) Squalene carbon K edge NEXAFS 

spectrum derived from low kinetic energy secondary electrons. Selected images of squalene photoemission are 

shown to demonstrate differences in secondary electron intensity. 
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where FG is the number of functional groups. Deviation from this relationship occurs when 

functional groups can leave the particle (such as reaction products with double bonds evaporating 

from the particle). For example, if there is no evaporation from a squalene particle, the ratio of 

γM,eff to γFG,eff would be 6 (the number of double bonds in squalene). If ozonolysis products with 

double bonds can evaporate from the particle, then γFG,eff would appear larger because there are 

more apparent double bonds removed from the particle per O3 collision. In this case, γM,eff (which 

is independent of how products react) would remain constant, and the ratio of γM,eff to γFG,eff would 

be less than 6. Thus, the ratio of γM,eff to γFG,eff provides a quantitative metric of evaporation of 

double bonds from the particle.  

 To compute γeff, a heterogeneous ozonolysis rate constant was determined. First, the 

average ozone exposure in the reactor was quantified using the GC to monitor the decay of the gas 

phase tracer, 2M2B. Ozone exposure is equal to: 

 

 
ln([2M2B]/[2M2B]0)  

𝑘2𝑀2𝐵
=  ∫[O3]𝑑𝑡 =  〈O3〉𝑡 ∙ 𝑡, (2.2) 

 

where [2M2B]0 and [2M2B] are the concentration of 2M2B before and after oxidation, k2M2B is the 

gas phase ozonolysis rate constant of 2M2B ((4.1±0.5) x 10-16 cm3 molecule-1 s-1),117 and ⟨O3⟩t·t is 

the ozone exposure. Rate constants were determined from either the decay or growth of a spectral 

feature with increased ozone exposure. If a measurement was sensitive to the decay of squalene or 

its double bonds (e.g. VUV-AMS, π-bond peak in UPS, double bonded carbon peak (CC=C) in 

XPS, 1sπ* in carbon K-edge NEXAFS), the normalized decay at a given ozone exposure was 

fit to: 

 

 ln
[Signal]

[Signal]0
=  −𝑘𝑒𝑓𝑓 〈O3〉𝑡 ∙ 𝑡, (2.3) 

 

where [Signal] and [Signal]0 are the final and initial signal levels, keff is the effective heterogeneous 

rate constant and ⟨O3⟩t·t is the ozone exposure as measured by the decay of 2M2B. When a 

measurement was sensitive to the growth of oxidized features (e.g. O:C ratio in XPS and oxygen 

K edge in NEXAFS), the data were fit to the following function: 

 

 [Signal] = [Signal]max(1 − 𝑒−𝑘𝑒𝑓𝑓 ⟨O3⟩·t ), (2.4) 

 

where [Signal]max is the value that the data asymptotically approach (i.e. at high ozone exposures). 

The rate constant was then used to compute an effective uptake coefficient:105 

 

 𝛾𝑒𝑓𝑓 =  
2 ∙ 𝑘𝑒𝑓𝑓 ∙ 𝐷𝑠𝑢𝑟𝑓 ∙ 𝜌0 ∙𝑁𝐴

3 ∙ 𝑐 ∙𝑀
, (2.5)  

 

where Dsurf is the measured mean surface weighted particle diameter, ρ0 is the density, NA is 

Avogadro’s number, c̅ is the mean speed of gas-phase ozone, and M is the molecular weight. This 

formulation of γeff uses the heterogeneous rate constant and calculated flux of ozone molecules on 

the particles surface to determine the reaction probability. Because γeff does not separate secondary 

reactions that occur within the particle from the primary oxidative event, it is possible to have γeff 

that are greater than one.118–121  
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III. Results and Discussion: 

 

 This section is organized as follows: the oxidation products and kinetics measured by the 

VUV-AMS are described first. These results are used to inform and constrain the fitting and 

analysis of the XPS data presented in section IIId. In sections IIIb and IIIc, UPS and NEXAFS 

data are presented and analyzed, respectively. Finally, the experimental results in the context of 

previous measurements are examined. 

 

a. Oxidation Products and Kinetics via VUV-AMS: The VUV-AMS was used to determine the 

products and molecule-specific kinetics of squalene ozonolysis. Shown in Figure 2.5a is an aerosol 

mass spectrum of squalene obtained before reaction with ozone. The effective uptake coefficient 

was calculated by plotting the normalized decay of the squalene ion signal (m/z = 410 in Figure 

5a) vs. ozone exposure. The effective uptake coefficient for squalene ozonolysis determined 

here—(1.0±0.2) x 10-3—is slightly larger than previous measurements of squalene ozonolysis 

which range from 1 x 10-5 to 4.5 x 10-4.101–104 The uptake coefficient reported by Wells et al. (4.5 

x 10-4)103 was derived from the loss of ozone (as opposed to the loss of squalene) and thus, was 

not sensitive to potential secondary reactions that might occur in the particle. On the other hand, 

the uptake coefficients reported by Petrick and Dubowski102 and Fu et al.101 (1 x 10-5 and 1.7 x 10-

4, respectively) were obtained from ATR-IR measurements, and were sensitive to the decay of a 

double bond spectral feature. Assuming minimal evaporative loss (which will be discussed later), 

these uptake coefficients can be scaled by the number of double bonds in the parent molecule (six 

for squalene) to convert them from functional group specific to molecule specific uptake 

coefficients (Eq. 2.1). With this correction, our reported uptake coefficient is consistent with that 

reported by Fu et al. (both nominally 1 x 10-3). Petrick and Dubowski attributed the low uptake 

coefficient they report to a thicker squalene layer where not all molecules were available for 

reaction, in contrast to squalene monolayers in other work.102 The uptake coefficient reported 

recently by Zhou et al.104 (4.3 x 10-4) was determined by probing a thin squalene film (i.e. 

monolayer) with mass spectrometry to monitor the decay of squalene. The discrepancy between 

the molecular uptake coefficient reported here (1.0 x 10-3) and that of Zhou et al. could arise from 

differences in ozone adsorption site density in different experimental setups (i.e. thin film vs. 

suspended droplets). The ozonolysis rate has been shown to be limited by gas-phase diffusion and 

adsorption of ozone to the squalene surface.122 

 The reaction pathways of a generic alkene with ozone are summarized in Scheme 2.1.123 

Briefly, ozone is expected to react with the double bond creating a primary ozonide. This primary 

ozonide decomposes into a carbonyl and a Criegee intermediate (CI). Depending on surrounding 

reactants, the CI can react in a variety of different ways. It can rearrange unimolecularly to form a 

carbonyl (R1) or an acid (R2), or it can react with a carbonyl compound to yield a secondary 

ozonide (R3). Additionally, two CIs can react to form a peroxide compound (R4) which can 

decompose into two carbonyl compounds at room temperature.124 At higher RH, the CI can also 

react with water to create a hydroxyhydroperoxide (R5) which is thought to be in equilibrium with 

a carbonyl compound and hydrogen peroxide.125  Oligomers can form when multiple Criegee 

intermediates react with one molecule. 

 Shown in Figure 2.5b and 2.5c are reaction products detected using mass spectrometry. 

Difference spectra (shown in red in Figure 2.5b and 2.5c) clearly show the formation of both lower 

molecular weight and higher molecular weight ozonolysis products. Lower molecular weight, 

carbonyl-containing products were observed at m/z 316 and 384. These ions are consistent with 



15 

 

products containing 4 and 5 double bonds, respectively. Additionally, a small peak was detected 

at m/z 400 corresponding to an acid product with five double bonds. The ratio of the peak at m/z 

384 to m/z 400 is ~10:1, which (assuming equal photoionization cross-sections) suggests that the 

acid formation channel is negligible under our experimental conditions. This is consistent with 

previous measurements of the ozonolysis of oleic acid, which observed significantly more 

carbonyl than acid products.126 Dissociative photoionization of squalene and its higher molecular 

weight products makes it difficult to assign products with molecular weights less than m/z 200.  

 
Figure 2.5. a) Squalene mass spectrum. The molecular squalene ion (m/z 410) and a fragment (m/z 341) are 

labeled. b) Difference mass spectrum (red) of lower molecular weight ozonolysis products. Oxidized squalene was 

subtracted from non-oxidized squalene (black). The ions at m/z 316 and 384 correspond to carbonyl containing 

products. The ion at m/z 400 is an acid containing product. c) Difference mass spectrum (red) of higher molecular 

weight ozonolysis products. Oxidized squalene was subtracted from non-oxidized squalene (black). Molecular 

formulas for R” in the products with m/z 458, 526, 594, 648 and 716 are C3H6, C8H14, C13H22, C17H28 and C22H36, 

respectively.  The ozone exposure was ~2.5 x 1014 molecule s cm-3 for both product spectra. 
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 In addition to the lower molecular weight products, ions at m/z 458, 526, 594, 648, and 

716 are consistent with the formation of higher molecular weight secondary ozonides. These 

products result from a CI with 5 double bonds reacting with a carbonyl containing 0 to 4 double 

bonds. The secondary ozonides are in good agreement with other ozonolysis studies that have 

detected higher molecular weight, oligomeric products.124,127,128 It is clear from the mass spectra 

that there are two major classes of reaction products, secondary ozonides and carbonyls, which is 

used to constrain the analysis of the photoemission data presented below. 

 

b. UPS Spectra and Kinetics: UPS spectra of pure nanoparticles from squalene and two other 

unsaturated molecules—oleic acid (C18H34O2, l double bond) and linoleic acid (C18H32O2, 2 double 

bonds) are presented in Figure 2.6a. Each spectrum was collected with a photon energy of 15 eV. 

All three of these spectra show a similar low binding energy (Eb ~ 8 eV) feature whose intensity 

scales with the number of double bonds. Furthermore, this low binding energy feature decreases 

when squalene reacts with ozone (Figure 2.6b). The spectral comparisons between the different 

 
Scheme 2.1. Simplified alkene ozonolysis mechanism and expected products. Bolded species were observed in 

the VUV-AMS spectra and included in XPS data fitting. 
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unsaturated acids and oxidized squalene nanoparticles as well as previous measurements of 

squalene’s optical properties,114,129 suggest that π-bonding electrons are responsible for the feature 

at Eb = 8 eV. By quantifying the decay of this π-bond peak, the UPS spectra can serve as a 

functional group specific probe of ozonolysis.  

 For simplicity, the UPS spectra were fit by two Gaussian functions: one corresponding to 

a π-bond peak (binding energy of 8.0 eV) and a feature representing the conglomerate of σ-bonds 

(with a binding energy centered around 11.5 eV).114 As squalene was oxidized, the same two 

Gaussian functions were fit to each spectra. Fitting the decay of the π-bond peak to Eq. 2.3 (Figure 

2.6c) yields a double bond-specific, effective uptake coefficient of (3.1±0.7) x 10-4. This uptake 

coefficient in the context of the other measured uptake coefficients is discussed below. 

 

c. NEXAFS Spectra and Kinetics: Both carbon and oxygen K edge NEXAFS spectra were 

collected as a function of ozone exposure. The carbon K edge NEXAFS spectra are shown in 

Figure 2.7a. The pure squalene spectrum shows an intense feature at ~284.6 eV. This feature has 

been assigned to the 1sπ* transition.115 When squalene reacts with ozone and cleaves its double 

bonds, the intensity of this transition decreases. As shown in Figure 2.7b, the decay of this 1sπ* 

 
Figure 2.6. a) UPS spectra of nanoparticles with differing numbers of double bonds. Squalene, linoleic acid and 

oleic acid each have 6, 2, and 1 double bonds, respectively. As the number of double bonds increases, the low 

binding energy feature increases. b) UPS spectra at various oxidation conditions. The two peaks present are: 

conglomeration of σ-bonds peak (11.4 eV) and π-bond peak (8 eV). c) Kinetics of squalene π-bond peak decay. 

The heterogeneous ozonolysis rate constant is on the lower left. 
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feature with increasing ozone exposure follows an exponential decay, whose rate coefficient from 

Eq. 2.3 was used to obtain a double bond-specific effective uptake coefficient of (2.6±0.6) x 10-4. 

 Previously, in a study monitoring the reaction of ozone with shikimic acid particles, the 

decay of the 1sπ* transition was used to extract an effective uptake coefficient.90 Additionally, 

Moffet et al. have looked at the NEXAFS spectra of individual deposited aerosol and inferred 

compositional information from distinct spectroscopic transitions.97 While a full analysis of our 

spectra is not possible due to the limited collected energy range, our NEXAFS spectra lack a 

prominent carboxylic acid feature (a peak at 288.4 eV).97 This is consistent with the VUV-AMS 

results and supports the conclusion that carboxylic acid product formation is negligible.  

 A direct measure of the oxygen added to the particle was achieved from analysis of oxygen 

K edge NEXAFS spectra. As expected and shown in Figure 2.8a, pure squalene does not exhibit 

any spectral intensity at the oxygen K edge. As the particle was oxidized and the oxygen content 

within the particle increases, there was an increase in the oxygen K edge intensity. In Figure 2.8b, 

the rise in intensity of the oxygen peak at 532.2 eV was fit to Eq. 2.4 to yield a product-derived 

effective uptake coefficient of (2.6±0.6) x 10-4. The agreement of the carbon and oxygen K edge 

uptake coefficients is discussed below.  

 
Figure 2.7. a) Squalene carbon K edge NEXAFS spectra at various ozone exposures. b) Kinetics of the 1sπ* 

transition decay (284.6 eV). 
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Figure 2.8. a) Squalene oxygen K edge NEXAFS spectra at various ozone exposures. b) Kinetics of the 

emergence of the peak at 532 eV. c) Comparison of oxidized squalene and bis(ethylhexyl) sebacate (BES) 

oxygen K edge NEXAFS spectra.  
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 Oxygen K edge NEXAFS spectra of pure diester (bis(ethylhexyl) sebacate, BES) 

nanoparticles were collected to help explain the features observed in the NEXAFS spectra of 

oxidized squalene. Figure 2.8c shows a comparison of oxidized squalene and pure BES. As can be 

seen in the NEXAFS spectrum of BES, there are two peaks: one arising from the carbonyl 1sπ* 

transition (531.6 eV) and one arising from the O-C ester bond (534.4 eV).115 Compared to the BES 

spectrum, the transition in the oxidized squalene spectrum is broader and encompasses the 1sπ* 

and O-C ester transitions observed in BES. The change in the width can be attributed to the number 

of species present—more species with slightly different chemical structures will absorb at slightly 

different energies. The shift in the energy of the transitions suggests that both carbonyl 1sπ* and 

O-C transitions were present in the oxidized squalene particle. The shapes of the squalene oxygen 

K edge NEXAFS spectra were constant throughout oxidation and only the intensity of the oxygen 

absorption changed. This suggests that the squalene ozonolysis reaction mechanism and 

oxygenated products formed did not change as a result of the species present. 

 

d. XPS Measurements: C1s XPS spectra of squalene at different oxidation conditions were 

collected at a photon energy of 310 eV and are presented in Figure 2.9a. The spectra show that as 

squalene reacted with ozone, a peak at ~292.3 eV emerged. Additionally, the peak at ~289 eV 

shifted to higher energy and broadened. The apparent shift to higher binding energy is attributed 

to the loss of double bond carbons. The broadening of the 289 eV peak and the emergence of the 

292.3 eV peak are consistent with the formation of new oxygenated reaction products, which the 

VUV-AMS measurements suggest are primarily carbonyls and secondary ozonides.  

 To extract quantitative functional group information as a function of ozone exposure, the 

C1s spectra were fit using a method adapted from a previous study.91 Because resolution is 

expected to be instrument limited and not determined by lifetime broadening, all of the peaks were 

fit to Gaussian functions. The peak positions and widths (full width at half maximum, FWHM) for 

double bonded carbon (CC=C) and methylene carbon (CHx) were determined first. The position of 

the CHx peak was determined using the most highly oxidized squalene spectrum (containing a 

negligible amount of CC=C). Then the unreacted pure squalene spectrum was used to determine the 

position of the CC=C peak and the FWHMs of both CHx and CC=C. A couple of additional constraints 

were imposed during the analysis: i) the FWHMs of CHx and CC=C were assumed to be equal; and 

ii) the ratio of CHx to CC=C peak areas in the unoxidized squalene spectrum was constrained to the 

stoichiometric ratio of CHx to CC=C in the squalene molecule (i.e. 18 CHx:12 CC=C). This resulted 

in CC=C and CHx peaks that are separated by 0.6 eV with FWHMs of 1.2 eV. 

 The oxygenated carbon species were then fit in the remaining XPS spectra based on the 

following assumptions: i) The FWHMs of all carbon species were equal (1.2 eV); ii) Based on the 

VUV-AMS product data, COOH functional groups were not observed to be significant and were 

therefore not included in the XPS fit; iii) Only two types of carbon containing reaction products, 

consistent with the VUV-AMS results, were present: carbon from carbonyl compounds (C=O) and 

carbon from secondary ozonides (C-O); iv) The ozonolysis reactions (and evaporation of products 

from the particle) did not significantly change the total fraction of CHx in the particle. This last 

assumption was made after examining the expected products of ozonolysis, and tabulating the 

different types of carbon present. The fraction of CHx to total carbon does not vary more than ±2%. 

Because the particles were well-mixed and the surface composition was assumed to mimic the 

bulk composition, the area of CHx in each spectrum was constrained to be 60% of the total carbon 

area. The positions of the C=O and C-O peaks were determined from the most oxidized squalene 

spectrum. The C=O and C-O shifts relative to the CHx peak were 2.9 and 1.3 eV, respectively. The 
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four peaks were fit to the remaining spectra at different ozone exposures (Figure 2.9a). The fraction 

of each carbon species present at different ozone exposures was determined from calculated peak 

areas (Figure 2.9b). 

 In summary, the photoelectron spectra were fit with four total components. The C1s peak 

assignments (shown in Figure 2.9a) have chemical shifts (relative to the CHx feature) of 0.6 eV for 

CC=C, 1.3 eV for C-O, and 2.9 eV for C=O. The fitting procedure yields chemical shifts for CC=C 

and C=O that are consistent with literature values.91,130 The secondary ozonides (shown in Figure 

2.5c) have a carbon bound to two oxygens: an ether and a peroxide linkage. To the best of our 

knowledge a reference XPS spectrum for such a functional has not been reported. Based on other 

reference spectra, the chemical shift of carbon increases roughly with its oxidation state. The 

oxidation state of the carbon in the secondary ozonide is between that of an ether and a carbonyl. 

Thus, the chemical shift is expected to reside between those of ethers and carbonyls (~1.4 – 3.0 

eV).130 The C-O peak that we attribute to the secondary ozonide is shifted by 1.3 eV. While this is 

on the low end of expected chemical shift, the secondary ozonide is the only product that is 

consistent with the ozonolysis mechanism and the VUV-AMS data that accounts for this spectral 

feature.  

 
Figure 2.9. a) XPS spectra of squalene at various oxidation conditions showing the results of the final fitting 

procedure. The four peaks present (from left to right) are: C=O, C-O (secondary ozonide), CHx, and CC=C. b) 

Fractional peak area of the four types of carbon present. Kinetics of the CC=C decay are included (blue dashed 

line, k = (5.9±0.5) x 10-16 cm3 molecule-1 s-1). c) Kinetics of the change in the O:C ratio as the particle is oxidized. 
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 Heterogeneous reaction kinetics were determined using the change in CC=C, C=O and C-O 

peak areas. The decay of the CC=C peak provides another double bond specific probe. Shown in 

Figure 2.9b, the normalized decay of the CC=C peak was fit to Eq. 2.3 to yield a double bond-

derived γeff of (2.9±0.6) x 10-4. The change in the O:C ratio of the particle can be quantified using 

the C=O and C-O peaks. If each C-O peak is part of a secondary ozonide, each C-O carbon 

contributes 1.5 oxygen atoms. Thus the O:C ratio can be estimated as: 

 

 O: C = F(C = O) +
3

2
 F(𝐶 − O),  (2.6) 

 

where F(C=O) and F(C-O) are the fractional peak area of C=O and C-O, respectively. Figure 2.9c 

shows the O:C ratio as a function of ozone exposure. Comparing the C-O and C=O peak areas at 

each ozone exposure shows that secondary ozonides (oligomeric products) and carbonyls 

(fragmentation products) account for 16±4% and 84±4% of the oxygenated carbon, respectively, 

at these reaction conditions (RH ~ 30%). This ratio does not change with oxidation, and can be 

used to calculate a maximum O:C ratio (to constrain the growth kinetics). Replacing every double 

bonded carbon with 16±4% secondary ozonide and 84±4% carbonyl results in a maximum O:C 

ratio of 0.43±0.03. Thus, the O:C ratios as a function of ozone exposure were fit to Eq. 2.4 (with 

[Signal]max constrained to 0.43) yielding a product-specific effective uptake coefficient of 

(2.4±0.7) x 10-4. The observation of secondary ozonides in both the VUV-AMS and C1s XPS data 

suggests that (on average) more than one oxygen atom is added to each carbon in a double bond. 

Double bonded carbons account for 40% of the total carbon in the original squalene molecule. 

Thus, a final O:C greater than 0.4 is consistent with the products observed with the VUV-AMS. 

 Most studies have used mass spectrometry to measure secondary ozonides and oligomeric 

products of ozonolysis,124,126–128,131 where accurate quantification is difficult without calibration 

standards. The secondary ozonide (oligomeric) and carbonyl (fragmentation) yields measured 

here—16±4% and 84±4%, respectively—have not been previously reported for squalene 

ozonolysis. Recent model results predict intensities of 30% ozonide from squalene at 30% RH.122 

Measurements of ozonide product yields from oleic acid have been reported. The yield of 

secondary ozonides (and diperoxides) from oleic acid ozonolysis ranges from ~10%128 to 68%.124 

The discrepancy between previous measurements could be attributed to differences in 

quantification or reaction conditions. For example, a change in the relative humidity can affect the 

yield of ozonolysis products because water reacts with the CI.122,123,132 The CI is expected to readily 

react with the acid functional group found in oleic acid to create higher molecular weight 

species.124 Because the formation of acids is not observed as a dominant product channel for 

squalene ozonolysis, a direct comparison of ozonide yields from oleic acid and squalene 

ozonolysis is not straight forward. Even so, our 16±4% ozonide yield at a 30% RH is fairly 

consistent with what has been measured previously. These higher molecular weight peroxide 

species are thought to be potential skin irritants,133 making an accurate measure of their yield 

desirable. 

 Because the CI can react in several different bimolecular pathways, the measured product 

yields are expected to be dependent upon reaction conditions. Changing the reaction conditions 

can alter the chemical species that are present, affecting product formation rates. For example, at 

lower relative humidity the rate of hydroxyhydroperoxide formation (R5) is expected to decrease 

and the importance of unimolecular reactions (R1 and R2) will increase. This is consistent with 

results reported by Zhou et al. who recently observed enhanced acid formation at low RH.104 

Additionally, at higher ozone exposures more CI and carbonyl product species would be present, 
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which would enhance their reactions with a newly formed CI (R3 and R4). Thus, the product yields 

reported here are not expected to be the same at significantly different reaction conditions. 

 

e. Summary of Measurements: A summary of the effective uptake coefficients is presented in 

Table 2.1. The double bond effective uptake coefficients and functionalization uptake coefficients 

agree within experimental error. Compared to the double bond-derived γeff from Fu et al. (1.7 x 

10-4),101 the effective uptake coefficients measured by the photoemission probes were slightly 

larger. A comparison of molecular γeff (i.e. VUV-AMS results) and C=C functional group γeff (i.e. 

UPS, XPS and NEXAFS results) can provide insight into how double bonds are removed from the 

particle. As discussed above, if the particle represents a closed system where no chemical species 

evaporate, then the ratio of the molecular γeff to the C=C functional group γeff should be 6 (the 

number of double bonds in squalene). However, as shown in Table 2.1, the measured ratios fall 

between 3 and 4. Evaporation of lower molecular weight products from the particle would account 

for this discrepancy. Volatile products that contain a double bond can evaporate from the particle, 

and thus multiple double bonds can be removed from the particle with only one ozonolysis 

reaction. Previous studies that monitored the products of squalene ozonolysis detected carbonyl 

species containing 1-3 double bonds in the gas phase.100,103 Comparing the measured ratio of 

molecular γeff to C=C functional group γeff to the expected ratio of a closed system can provide 

insight into how many double bonds are removed from the particle for every ozonolysis reaction. 

We estimate that for each ozonolysis reaction, there are roughly 1.6±0.2 double bonds removed 

from the particle at 30% RH (Table 2.1). Thus, evaporation of reaction products leads to additional 

depletion of double bonds from the particle and a further decrease in aerosol reactivity with O3. 

While earlier studies have detected evaporative products from squalene ozonolysis,100,103 the extent 

to which evaporation and ozonolysis each contribute to the loss of functional groups from the 

particle has not been previously measured. 

 

 Effective 

Uptake 

Coefficient 

Ratio of 

Molecular γeff 

to C=C FG γeff 

Double 

Bonds Lost 

per Reaction 

Molecule Specific Probe:    

   Mass Spectrometry (Molecular Ion) (1.0±0.2) x 10-3 ----- ----- 

   Zhou et al.104 (4.3±2.2) x 10-4 ----- ----- 

   Wells et al.103 (4.5±1.4) x 10-4 ----- ----- 

   Petrick and Dubowski102 1 x 10-5 ----- ----- 

Double Bond Probe:    

   UPS (Pi-Bond Peak) (3.1±0.7) x 10-4 3.2±1.0 1.9±0.6 

   C K-edge NEXAFS (1sπ*) (2.6±0.6) x 10-4 3.8±1.2 1.6±0.5 

   XPS (CC=C Peak) (2.9±0.7) x 10-4 3.4±1.1 1.8±0.6 

   Fu et al.101 (1.7±0.2) x 10-4 ----- ----- 

Functionalization Probe:    

   O K-edge NEXAFS (PEY Intensity) (2.6±0.6) x 10-4 3.8±1.2 1.6±0.5 

   XPS (C=O and C-O Peaks) (2.4±0.7) x 10-4 4.2±1.5 1.4±0.5 
 

Table 2.1. Summary of effective uptake coefficients and their comparison to the molecule specific uptake 

coefficient for the various spectroscopic probes. Squalene ozonolysis uptake coefficients from previous 

measurements are included for comparison. 
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IV. Conclusion: 

 

 We have measured the kinetics of the ozonolysis of squalene nanoparticles using a suite of 

photoemission techniques: UPS, carbon and oxygen K edge NEXAFS, and C1s XPS. These 

photoemission probes provide direct measurements of double bonds as well as oxidized products 

that are formed. Coupled with molecule specific VUV-AMS measurements, the kinetics measured 

by the photoemission probes suggested that for each ozonolysis reaction, roughly 1.6±0.2 double 

bonds were removed from the particle. Unsaturated lipids on human skin (such as squalene) serve 

as a first line of dermal defense against oxidizing agents in the air.100 The evaporative loss of 

products with double bonds suggests that squalene’s role in preventing oxidative damage to human 

skin is slightly mitigated as not all of its double bonds will remain surface bound for oxidation. 

C1s XPS measurements also provided a direct quantification of secondary ozonide yield, 16±4%. 

This direct measurement marks an improvement on previous measurements which rely on 

estimates of ionization efficiencies for mass spectrometry. 

 Overall, the methods developed studying the ozonolysis of squalene could be applied to 

more complicated, unknown surfaces. This work serves to inform future studies of reactive 

surfaces in diffusion-limited systems where chemical gradients are expected to form as a result of 

atmospheric aging. 
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Chapter 3: Low Energy Electron Attenuation Lengths in Core-Shell 

Nanoparticles 

 
The content and figures of this chapter are reprinted or adapted with permission from Jacobs, M. I.; 

Kostko, O.; Heine, N.; Ahmed, M.; Wilson, K. R., “Low Energy Electron Attenuation Lengths in Core-

Shell Nanoparticles” Phys. Chem. Chem. Phys., 2017, DOI: 10.1039/C7CP00663B 

 

I. Introduction: 

 

 To understand how surface sensitive the photoemission probes described in the preceding 

chapter are, it is necessary to understand the electron scattering dynamics within the aerosol 

particles. Electrons scatter both elastically and inelastically as they propagate through a material. 

The inelastic mean free path (IMFP) is the mean distance an electron with a specific kinetic energy 

(KE) travels between inelastic scattering events.134 Understanding the energy dependence of the 

IMFP in materials is important in several different disciplines. For example, the short distance an 

electron travels between inelastic collisions makes photoelectron spectroscopy a surface sensitive 

technique.36,135 If the energy dependence of the IMFP is known, then photoemission experiments 

can be used to obtain depth-resolved chemical information (i.e. chemical gradients)  by varying 

the photoelectron KE.136 Likewise, the IMFP of electrons is central to understanding 

photoemission heating of interstellar dust clouds that arises from the absorption of UV radiation. 

The magnitude of the electron IMFP is predicted to have a direct effect on the extent of warming.137 

Additionally, inelastic collisions of low energy electrons with DNA produce irreversible, 

detrimental effects due to bond scission reactions.138–140 The extent of this damage is dependent 

on both the electron IMFP in the biological medium as well as the cross sections for the 

interactions.141  

 Most measurements of the IMFP have been made at high KE by depositing a thin film of 

material on a substrate and monitoring photoemission from the substrate as a function of film 

thickness, or by monitoring intensity of backscattered electrons.142 Measurements of the IMFP of 

electrons with KE <100 eV in soft materials (such as liquids) are difficult due to experimental 

challenges (such as high vapor pressures or difficulties collecting all photoelectrons using a 

hemispherical analyzer).  Studies examining the propagation of low KE electrons in materials 

generally measure the electron attenuation length (EAL). The EAL is the film thickness that results 

in a 1/e decrease in signal intensity at a given energy compared to a non-coated substrate.134 It is 

closely related to the IMFP, but because EAL convolutes elastic and inelastic scattering, it is 

calculated to be 15-30% shorter (depending on the KE of the electron and material).35,134 The first 

low KE EALs measurements were made by impinging electrons onto a thin film and measuring 

the resulting transmission current.143–151 These measurements generally resulted in a single “low 

energy” EAL that was highly material specific (for example, the low energy EALs for pentacene 

and perylene were reported to be 7.5 and 80 nm, respectively).151 With the introduction of liquid 

jet experiments, measurements of the EAL in high vapor pressure liquids (such as water) became 

possible by either monitoring the angular dependence of photoemission152,153 or coupling the O1s 

photoionization cross-section to the signal intensity from liquid water at different energies.154 

Additionally, recent work used the angular distribution of photoemission from free nanoparticles 

to model low energy electron IMFPs.45,48 While still somewhat experiment specific, these energy-

resolved measurements have yielded EALs that range from 1-5 nm for 1-25 eV KE photoelectrons 

in water. 
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 Two complementary techniques are typically used to study the properties of low energy 

electrons in thin films: low energy electron transmission (LEET) and photoelectron 

transmission.143 In LEET experiments, thin films are irradiated by electrons and either 

backscattered electrons or transmission current through the film are detected. In this technique, 

only the electrons that enter (and not those that exit) the thin film are fully-defined in terms of 

energy and momentum. Thus, information on an electron’s interactions within the film is lost 

because the measured value is generally a current that is independent of energy. Conversely, 

photoelectron transmission experiments input low energy electrons into a film via photoemission 

from a substrate (such as a platinum electrode). The low energy electrons that escape the film into 

vacuum are then detected.  

 Recent work has used aerosol photoemission to study surface chemistry49,155, surface 

segregation51,52, and electronic properties of nanoparticles.42,43,45,48,58  Many of these studies use a 

velocity map imaging (VMI) spectrometer and vacuum ultraviolet light42–46,48,49,156 or X-rays49,58 

from a synchrotron to measure the energy and angular distributions of photoelectrons from free 

nanoparticles. In this chapter, a VMI spectrometer was used to measure photoemission from free 

core-shell nanoparticles and measure the EAL in a liquid hydrocarbon, squalane. By coating 

squalane onto nanoparticles with a defined photoemission spectrum, the EALs for 1-5 eV 

photoelectrons were measured. These measurements, when combined with previous 

measurements of EAL in covalently-bonded, soft materials, show that the EALs of photoelectrons 

with >2 eV KE are roughly constant and independent of energy. However, for electrons with KE 

<2 eV, the behavior of photoelectrons was observed to be material dependent.  

 

II. Experimental Methods: 

 

 Size-selected, core-shell nanoparticles of a specific composition were generated using a 

method that has been previously described.157 The experimental setup is shown in Figure 3.1. 

Briefly, an aqueous solution of the core material (either potassium iodide or sodium chloride) was 

first atomized and dried over silica gel to a relative humidity (RH) <15%. This yielded a stream of 

polydisperse, solid particles which were then size-selected using a scanning mobility particle sizer 

(SMPS, TSI Inc.). The core diameters used in this experiment were 100, 150 and 200 nm. After 

size selection, part of the aerosol flow was sampled by a condensation particle counter (CPC) to 

monitor particle number concentrations. The remaining flow passed through a charcoal denuder to 

eliminate any unwanted volatile organic contaminants. The core aerosol was then passed through 

 
Figure 3.1. Schematic of the coating experimental setup. (DMA = Differential Mobility Analyzer, CPC = 

Condensation Particle Counter, SMPS = Scanning Mobility Particle Sizer, VMI = Velocity Map Imaging 

spectrometer). 
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a tube furnace containing a pyrex tube with the coating material (i.e. liquid squalane). The coating 

formed on the core via heterogeneous nucleation upon exiting the heated section of the oven. The 

thickness of the coating was controlled by varying the temperature of the oven, and the size of the 

core-shell particle was measured using a second SMPS. The coating thickness was determined 

from the difference in diameter between aerosol that passed through the furnace and the uncoated 

aerosol stream that bypassed the oven. Radial coating widths varied from ~1 to 9 nm with roughly 

±0.3 nm uncertainties (Figure 3.2). This treatment assumed that the nanoparticles are spherical, 

while in reality they most likely existed as rounded cubes. Previous work studying electron impact 

ionization of organic coated alkali halides using a similar coating technique found the monolayer 

coating thickness for a liquid hydrocarbon to be ~0.7 nm.158 Because most measurements reported 

here have coating thicknesses >0.7 nm, the aerosol particles were assumed to be completely coated. 

Some systematic errors in the coating thickness could exist due to the non-spherical nature of the 

particles and the potential for non-uniform coating.  

 Photoemission from free aerosol particles was measured using a VMI spectrometer 

(described in Chapter 2 and in depth by Kostko, et al.).108 Photoelectron images of coated aerosol 

were collected for 150 s, and sample images at each coating thickness were collected in duplicate. 

Images from the uncoated core were collected after each coating thickness, and the photoelectron 

spectra from the uncoated core were used to normalize the coated signal for any drifts in instrument 

or particle generation. Experiments were performed at the Chemical Dynamics Beamline (9.0.2) 

at the Advanced Light Source, Lawrence Berkeley National Lab.  

 The photoemission images were converted to photoelectron spectra using the BASEX 

algorithm.112 As shown in Figure 3.3, the images are asymmetric due to the short absorption length 

of vacuum ultraviolet light. As was described in the preceding chapter, this leads to preferential 

photoemission from the front of the nanoparticle and shadowing of the back of the particle.43,44,48 

A discussion of the effect image asymmetry has on the extracted KE spectra was included in the 

previous chapter. Simulations showed that extreme asymmetry from photoemission is not expected 

to affect the KE distributions extracted with the BASEX algorithm.  Furthermore, because the 

particles were ionized with single photon ionization and the coatings were much smaller than the 

radius of the particle, the asymmetry of the images did not change with changing coating 

 
Figure 3.2. Squalane radial coating thickness vs. nucleation oven temperature. 
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thicknesses. This was assessed by calculating the asymmetry parameter (α), which is the ratio of 

image intensity in the shadowed half of the image to the intensity in the front half of the image.43 

The asymmetry parameters for experiments at 9, 10, and 12 eV photon energies are shown below 

in Figure 3.4.  The asymmetry changed at different energies (due to different absorption lengths 

of light), but remained constant within each energy at different coating thicknesses. Thus, while 

we do not expect the emission asymmetry to affect the resultant KE spectrum, the emission 

asymmetry remains roughly equal for all coating thicknesses. 

 
Figure 3.3. Photoemission spectra of monodispersed KI and polydisperse squalane nanoparticles. The incident 

photon energy was 11 eV. The insets on the left and right show the images that correspond to the squalane and KI 

photoemission spectra, respectively. Despite similar intensities, the squalane nanoparticle spectrum was obtained 

using ~100x more material than the KI nanoparticle spectrum. Because squalane has a lower ionization cross-

section and a higher threshold energy than KI, squalane photoemission did not interfere with the decay of KI 

photoemission intensity at the higher KEs. 

 

 
Figure 3.4. The asymmetry parameter for different 100 nm KI cores as a function of squalane coating thickness. 

At a given photon energy, the asymmetry parameter (i.e. the extent of shadowing) remained unchanged as the 

coating thickness increases. 
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 As a final confirmation that the asymmetry of the images would not affect the EALs 

reported here, a set of simulations looking at broader distributions of low energy photoelectrons 

were performed. These simulations emitted 200,000 electrons with a Gaussian spread of kinetic 

energies centered at 1 eV (FWHM = 0.75 eV), 3 eV (FWHM = 1.5 eV), and 4 eV (FWHM = 2 

eV). These energies were chosen to roughly match the experimental photoemission spectra (Figure 

3.3). Similar symmetry conditions to those presented in the previous chapter were used, but the 

half angle of the cone was extended to 120 degrees. This angle was chosen because it resulted in 

images that had an asymmetry parameter of 0.5, which matched the smallest experimental 

asymmetry parameter (Figure 3.4). Thus, this simulation represents the most extreme, realistic 

 
Figure 3.5. a) Example experimental photoemission image collected at 11 eV (from Figure 3.3). b) and c) Example 

images that result from symmetric and asymmetric emission of electrons, respectively. The simulated asymmetric 

images (b) have an asymmetry parameter of 0.5 (i.e. two times as many electrons are collected on the right side of 

the image as compared to the left side). As shown in Figure 3.4, this resembles the most asymmetric image 

collected in this experiment. Kinetic energy spectra extracted from the simulated images with the BASEX 

algorithm are shown in d), e), and f). The emitted electrons in d), e), and f) had a Gaussian spread of kinetic 

energies centered 1 eV (FWHM = 0.75 eV), 3 eV (FWHM = 1.5 eV) and 4 eV (FWHM = 2 eV), respectively. The 

overall shapes of the reconstructed spectra match those of the input electron distribution (black dashed line). Minor 

distortions are only apparent at lower KE in the spectra from asymmetric emission. 
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asymmetry. The BASEX algorithm was used to extract KE spectra from the simulated images. As 

shown in Figure 3.5, the shapes of the spectra from the asymmetric and symmetric simulations are 

similar and match the expected input photoelectron distribution. In the asymmetric spectra, minor 

distortions are apparent only at low KE. However, because only electrons with the highest KE 

were used to extract electron attenuation lengths (as will be discussed below), we do not expect 

these distortions to impact the electron attenuation lengths reported here.  

 To determine EALs in a coating, squalane was coated onto a KI core and photoemission 

from the particles was measured as a function of coating thickness. As the coating thickness 

increased, the intensity of photoemission from the core material decreased due to inelastic 

collisions. EALs of photoelectrons were determined by tracking the decay of photoemission from 

the core as a function of coating thickness. KI was chosen as the core material due to its low 

ionization threshold (6.8 eV)159 compared to squalane (8.4 eV).129 Figure 3.3 shows the KE 

distribution of photoelectrons from pure, monodispersed KI nanoparticles (diameter, Dp = 150 nm, 

~104 particles/cm3) and pure, polydisperse squalane nanoparticles (Dp ~ 220 nm, ~106 

particles/cm3). The KE of photoelectrons from KI extends to higher energies than that of squalane 

due to the difference in threshold energies. The absolute photoemission intensity from squalane 

particles was very small compared to that of KI particles. Measurable photoemission intensities 

from pure squalane nanoparticles could only be recorded using a polydisperse aerosol distribution, 

which had ~100x more particles than the size selected KI flow (Figure 3.3). Since the amount of 

squalane coating the KI core was only a small fraction of the squalane in the polydisperse flow, 

photoemission from squalane was not observable in the experiments to determine EAL. Even so, 

when determining EALs, only KEs that were large enough to ensure there was no photoemission 

contribution from squalane were used. To cover a large range of KEs, photoemission from the core 

shell nanoparticles was measured at five different photon energies: 8.5, 9, 10, 11 and 12 eV. 

Photoemission at higher photon energies was not collected due to the interference with water vapor 

(IE = 12.6 eV).  

 

III. Results and Analysis: 

 

 Figure 3.6 shows photoemission from KI nanoparticles as a function of squalane coating 

thicknesses at incident photon energies of 8.5, 9, 10, 11, and 12 eV. The initial shape of the 

uncoated photoemission spectrum (black lines in Figure 3.6) is determined by the photoionization 

cross-section of KI at these various energies. At the energies used in this study, the photoelectrons 

originate from the  I- 5p state.159  As the coating thickness increases, two things are readily apparent 

from these spectra: i) the intensity of the signal decreases with increasing coating thickness and ii) 

there appears to be shift of the peak energy with increasing coating thickness. This first observation 

is due to the inelastic collisions of electrons inside the squalane shell. The latter observation can 

be attributed to the production of low KE electrons from inelastic collisions.143 If electrons don’t 

lose all of their KE when they inelastically collide, they can still escape from the particle. In this 

case, the intensities at lower energies would appear to decay slower because as the shell thickness 

increases, a portion of their intensities would come from higher KE electrons that have undergone 

inelastic collisions. To minimize the effects from the cascade to lower energy, a “top most interval” 

analysis was employed and only the highest energy electrons (those within ~0.5 eV of the largest 

KE in the initial spectra) were used to determine EALs. Figure 3.7 shows the normalized 

photoemission intensity at 1.1 and 4.4 eV KE from the 8.5 and 12 eV spectra, respectively. If the 

EAL in squalane was independent of energy, these curves would decay via the same constant.  
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Figure 3.6. Photoemission spectra of KI-squalane core-shell nanoparticles with varying squalane shell 

thicknesses. Spectra were collected at incident photon energies of 8.5 eV (a), 9 eV (b), 10 eV (c), 11 eV (d), and 

12 eV (e). Note: The side band is missing in the 12 eV spectrum due to large gas phase background at low KE 

caused by higher harmonics from beamline 9.0.2. 
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 By definition, the EAL is the coating thickness that results in a 1/e decrease in signal 

compared to an uncoated substrate. Thus, the photoemission intensity from the core at a specific 

energy, I(E, d), is measured as a function of coating thickness, d: 

 

 𝐼(𝐸, 𝑑) = 𝐼(𝐸, 0) 𝑒
−

𝑦𝑒(𝑑)

𝐿𝑒(𝐸),                                                    (3.1) 

 

where I(E, 0) is the initial photoemission intensity at energy, E, without any coating, ye(d) is the 

distance the electron must travel through at a given coating thickness, and Le(E) is the EAL at 

energy E. As the coating thickness increases, an increasing amount of the incident light is absorbed 

by the coating. Thus, Eq. 3.1 is modified to include the decrease in photon intensity that reaches 

the core due to the increased coating absorption: 

 

 𝐼(𝐸, 𝑑) = [𝐼(𝐸, 0)𝑒
−

𝑦𝜈(𝑑)

𝐿𝜈 ] 𝑒
−

𝑦𝑒(𝑑)

𝐿𝑒(𝐸).                           (3.2) 

 

In Eq. 3.2, Lν is the attenuation length of light in the coating and yν(d) is distance light travels 

through at a given coating thickness before encountering the core. At a given photon energy, Lν is 

equal to λ/4πκ, where λ is the wavelength of the incident light and κ is the imaginary component 

of the refractive index of the coating material. Table 3.1 shows the energy-dependent κ values of 

squalane and the associated attenuation length of light, Lν, at the energies measured here.114 While 

uncertainties in κ values used in this study were not reported,114 as will be discussed later, the 

calculated absorption lengths are generally larger than the measured EALs, which makes Eq. 3.2 

insensitive to changes in Lν.  

 For the case of a flat surface, the escape length of electrons and penetration length of light 

is equal to the coating thickness (i.e. yν(d) = ye(d) = d). Surface curvature has previously been used 

to explain photoemission from nanoparticles44 and electron impact charging of nanoparticles.158 

 
Figure 3.7. Normalized intensity at 1.1 and 4.4 KE from the 8.5 and 12 eV photoemission spectra, respectively. 

EAL are extracted from the decay of KI photoemission intensity at different KEs using Eq. 3.6. An energy 

dependence in the EAL in squalane results in differences in the decay rates at different KEs.  
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Because the thickness of the shell is much smaller than the particle radius, surface curvature is 

negligible on the scale of electron scattering and coating thickness closely resembles the overlayer 

thickness in the EAL definition. Thus, the radial coating thickness (d) is used to describe distance 

electrons must escape at each shell thickness. However, as shown in Figure 3.8, the distance the 

photon travels through the coating will only be equal to the coating thickness when the photon 

enters the core shell nanoparticle normal to its surface. From the geometries shown in Figure 3.8, 

it can be shown that the distance a photon must travel through the coating to reach the core, y(d, 

θ), is: 

 

 𝑦(𝑑, 𝜃) = (𝑅 + 𝑑) cos[𝛽(𝜃)] − √𝑅2 − (𝑅 + 𝑑)2 sin2[𝛽(𝜃)], (3.3) 

 

where R is the radius of the core and β(θ) is the refracted angle between the incident light and the 

particle surface. The refracted angle is determined using Snell’s law with the previously measured 

refractive indices in squalane.114 Previous work by Ziemann et al.158 has shown that the probability, 

g(θ)dθ, a photon enters the particle at an angle between θ and dθ is: 

Photon Energy (eV) n κ Lν (nm) 

8.5 1.90 0.33 35.2 

9 1.89 0.40 27.5 

10 1.80 0.55 18.9 

11 1.68 0.70 12.8 

12 1.50 0.82 10.0 
 
Table 3.1. The real (n) and imaginary (κ) components of the refractive index of squalane at different photon 

energies. The imaginary component of the refractive index was used to calculate the probing depth of light (Lν). 

The values for n and κ are from Painter et al.114 

  

 
 

Figure 3.8. Diagram showing the geometry of light entering the core through the squalane layer. 
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 𝑔(𝜃)𝑑(𝜃) = 2𝜋ℎ dℎ/𝜋𝑅2 = 2 sin 𝜃 cos 𝜃 d𝜃,                                    (3.4) 

 

where h is defined in Figure 3.8. The average attenuation of light as it travels through the coating, 

〈𝑒
−

𝑦𝜐(𝑑)

𝐿𝜐
 
〉, before striking the core is given by: 

 

 〈𝑒
−

𝑦𝜐(𝑑)

𝐿𝜐
 
〉 = ∫ 𝑒

𝑦(𝑑,𝜃)

𝐿𝜐
𝜋/2

0
g(θ) 𝑑𝜃. (3.5) 

 

This integral does not have an exact solution and was solved numerically at each coating thickness. 

EALs were determined by using Eq. 3.5 to describe 〈𝑒
−

𝑦𝜐(𝑑)

𝐿𝜐
 
〉 and fitting the normalized intensity 

plots (e.g. Figure 3.4) at each KE to the following: 

 

 
𝐼(𝐸,𝑑)

𝐼0(𝐸,0)
= 𝛼 〈𝑒

−
𝑦𝜐(𝑑)

𝐿𝜐
 
〉 𝑒

−
𝑑

𝐿𝑒(𝐸), (3.6) 

 

where α is a fitting parameter that is constrained to be less than one.145 As the core particles are 

coated by a squalane shell, there is some probability that electrons can be scattered back into the 

core. Thus, the intensity from the uncoated aerosol is not used in the fit, and α accounts for the 

diminished number of electrons that enter the shell due to interfacial scattering (Figure 3.7). 

 The EALs calculated from the five different photon energies are given in Table 3.2. This 

energy range provides measurements of electron attenuation from electrons with 1.1 to 4.4 eV KE. 

In general, at KE >2 eV, the EAL is determined to be 3-5 nm and does not appear to be a strong 

function of energy. At lower KE, the EAL increases, and at KE <2 eV, it is >15 nm.  

 Because the uncertainties in κ were not previously reported,114 the sensitivity of Eq. 3.6 to 

changes in the attenuation length of light was evaluated by applying a ±20% error to κ and 

determining the resulting change in computed EALs. At a photon energy of 11 eV, the EAL of 

electrons with 3.4±0.2 eV KE was calculated to be 3.8±1.0 nm using κ = 0.7 and Lν = 12.8 nm. If 

κ changes to 0.56 and 0.84 (a -20% and +20% error), the measured EAL at 3.4 eV changes to 3.5 

and 4.0 nm, respectively. These differences are smaller than the uncertainty in the original 

measurement and show that the model does not have a strong sensitivity to changes in κ because 

the EAL is generally significantly shorter than Lν.  

 Furthermore, because the dimensions of the particle are on the order of the wavelength of 

light, an accurate description of the intensity in the core would require Mie scattering calculations. 

To provide a minimum for the reported EALs, the absorption of light by the shell was removed 

(i.e. constrained 〈𝑒
−

𝑦𝜐(𝑑)

𝐿𝜐
 
〉 = 1 in Eq. 3.6), and assumed the attenuation of signal with increased 

 

Kinetic Energy (eV) EAL (nm) 

1.1±0.2 15.6±3.1 

2.1±0.2 4.4±2.1 

2.9±0.2 2.4±0.4 

3.4±0.2 3.8±1.0 

4.4±0.2 3.3±0.4 
 

Table 3.2. Experimental measurement of the energy dependence of the EAL in squalane. The errors represent 

uncertainties in the fit to Eq. 3.6 (±1s). Possible systematic errors are discussed in the text. 
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coating thicknesses arose only from inelastic scattering of electrons. This treatment had the result 

of lowering the EALs by roughly 20-30% and represents a potential systematic error from the data 

analysis. 

 Finally, to confirm the measured EAL were specific to the squalane coating and were not 

dependent on the experimental approach, the size and material of the core were varied. Table 3.3 

shows the EALs in squalane measured with different sized KI cores (100 nm, 150 nm and 200 

nm). Additionally, Table 3.3 shows the EALs in squalane using both a KI and NaCl core. While 

the NaCl photoemission spectra are slightly complicated by squalane photoemission (the 

ionization thresholds of KI, NaCl and squalane are 6.8, 8.2 and 8.4 eV, respectively),129,159  the 

general agreement in escape lengths suggests the observed EALs are specific to the properties of 

the squalane shell. 

 

IV. Discussion: 

 

 The EALs in squalane measured here range from 3.3 nm at 4.4 eV to 15.6 nm at 1.1 eV. 

As shown in Table 3.2, the EALs were roughly constant (~3-5 nm) when KE >2 eV. However, 

when KE <2 eV, the attenuation lengths increased to >15 nm. Low energy EALs in solid organic 

films have previously been measured by monitoring electron transmission currents through films 

of different thicknesses.144–148,150,160 Energy-resolved EALs in n-C36H74 were collected by 

scanning the incident photon energy on a Pt substrate and changing the film thickness (data shown 

in Figure 3.9).147,148 The measured attenuation lengths of 2-5 eV electrons in n-C36H74 were ~3-5 

nm, which are in good agreement with the attenuation lengths reported here for squalane (also 3-

5 nm for a similar energy range). However, when the KE was <2 eV, the EALs in n-C36H74 

remained constant (~2.5 nm),147 which differs from the measurements for squalane reported here. 

At low photoelectron energies, Pfluger et al. described phonon excitation associated with the C-H 

stretching mode as the primary energy-loss scattering source.150  However, Cartier et al. mentioned 

that at lower KE, the measured EALs varied with experimental conditions and the length of time 

a sample was irradiated due to a changing number of trap states.147 Because the VMI spectrometer 

constantly probed a new surface, a similar “history” effect was not expected in the experiments 

here. The first studies looking at transmission of low energy electrons through organic films were 

not energy-resolved, and thus only an average “low energy” (<3 eV) EAL was measured. The 

reported attenuation lengths (generally 10-100s of Å) were extremely dependent on film 

composition.144–146,151,160 For example, low energy electrons (<3 eV) had EALs of 7.5 and 80 nm 

 

Core Material 
Photon 

Energy (eV) 
KE (eV) EAL (±1s) (nm) 

100 nm KI 11 3.4±0.2 3.8±1.0 

150 nm KI 11 3.4±0.2 5.5±1.3 

200 nm KI 11 3.4±0.2 4.7±2.2 

100 nm KI 9 2.1±0.1 4.4±2.1 

100 nm NaCl 11 1.9±0.1 4.7±1.8 

 
Table 3.3. Comparison of EALs from different core shells. The size of the KI core was changed, which resulted 

in minimal differences in the measured EAL at 3.6 eV KE. Additionally, the core material was changed from KI 

to NaCl. This also did not result in a significant change in the measured attenuation length. Different photon 

energies were used with the NaCl core compared to KI due to the difference in threshold energies (6.8 and 8.2 eV 

for KI and NaCl, respectively).159  
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in films composed of pentacene and perylene, respectively.151 Additionally, experiments looking 

at low energy electron transmission in methane161 and krypton162 films showed IMFPs (and thus 

EALs) that increased at electron KE <2 eV (from 2 nm at 3 eV to 5 nm at 1.7 eV). These studies 

suggested that at lower KE, there is a corresponding lower density of states and thus fewer possible 

modes to deposit energy in a given scattering event. Thus, based on the large variability of 

previously reported EALs, the low KE (<3 eV) EAL appear to be extremely sensitive to the 

electronic structure of the material. 

 A recent, similar study also examined the photoemission from core-shell nanoparticles and 

estimated the EAL of 0.5-1.0 eV photoelectrons using a total electron yield (TEY) measurement. 

For thin and thick shells of squalane, the reported EALs were 8.0±0.5 and 30±3 nm, 

respectively.163 The EALs measured here at a similar energy range (15.6 nm for 1.1±0.2 eV 

electrons) are slightly larger. Because TEY combines the photoemission intensity of many 

different KEs, EALs cannot be directly extracted from this measurement. Instead, the decrease in 

TEY signal was fit to Eq. 3.6 to determine an average attenuation coefficient. The average 

attenuation coefficients from the data collected here are presented in Table 3.4. The work of 

Amanatidis et al. used a two, 266-nm photon ionization scheme, which resulted in ~9.3 eV 

radiation. The core material (sodium benzoate) used by Amanatidis et al. had a different ionization 

threshold (~7.5 eV)163 than the KI core here (6.8 eV).159 Thus, the TEY measurements at the 

specific photon energies are not directly comparable because the KE of the photoelectrons differ. 

However, the TEY measurements at 8.5 and 9 eV (which result in a KE spectra closest to that of 

Amanatidis et al.) yielded average electron attenuation coefficients of 18.8±5.1 nm and 4.9±1.8 

nm, respectively. These average attenuation coefficients bound those reported by Amanatidis et 

al. and suggest the TEY measurements are very sensitive to the incident photon energy. 

 As a further means of comparison, there is an increasing body of evidence suggesting the 

EAL in liquid water approaches a constant value at low KEs.152–154,164 The lowest energy EAL 

reported by Suzuki et al.154 (3.02 ± 0.46 nm at 5 eV) as well as that reported by Buchner et al.164 

(5 nm at 4.65 eV) are in reasonable agreement with the measurements reported here. Additionally, 

recent work by Signorell et al. using angle resolved photoelectron spectroscopy of aqueous 

nanoparticles extracted the IMPF and EAL of low kinetic energy photoelectrons.48 The EAL of 

electrons with 3 eV KE in water was reported to be 3.9 nm, which is in good agreement with the 

results reported here. However, at lower KEs (<3 eV), Signorell et al. reported a decrease in the 

EAL, which was attributed to an increase in purely vibrational scattering.48 

 Figure 3.9 shows a comparison of previously published energy-resolved EAL (and IMFP) 

measurements for covalently bonded, soft materials and water. Figure 3.9 shows EALs (up to 25 

 

Photon Energy (eV) Lavg (nm) 

8.5 18.8±5.1 

9 4.9±1.8 

10 4.4±1.0 

11 7.0±3.7 

 
Table 3.4. The total electron yield (TEY) electron attenuation coefficients were calculated at the different photon 

energies. TEY measures the total electron intensity at each coating thickness. Because these measurements 

combine the decay from several different energies, the coefficients in Eq. 3.2 and Eq. 3.6 do not represent electron 

attenuation lengths, but rather average attenuation coefficients. Eq. 3.6 was used to calculate the average electron 

attenuation coefficient, Lavg. The TEY measurements from 12 eV are not reported due to large backgrounds at very 

low KE caused by higher harmonics from beamline 9.0.2. 
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eV) for carbon containing species,147,161,163,165 liquid water48,153,154,164 and solid water.166 As noted 

above, there is significant scatter in measurements of the EAL at very low KE (<2 eV) where the 

EALs are expected to be much more material specific. However, a common feature for all 

measurements is the consistency of EALs for electrons with >2 eV KE. This is in contrast with the 

models for electron IMFP and EAL which predict both values to monotonically increase after 

reaching a minimum at 50-200 eV.36,135 Based on the results shown in Figure 3.9, it appears that 

(to some extent) low KE electrons in covalently bonded, soft materials have equally short EALs 

and are as surface sensitive as electrons with larger KE. These results have consequences for future 

photoemission experiments that utilize electron KE to obtain depth profiles. For example, these 

data suggest that depth profiling photoemission experiments most likely cannot be performed by 

moving the KE of photoelectrons to lower energy without explicitly measuring the energy 

dependence of very low KE photoelectrons. 

 

V. Conclusion: 

 

 In this chapter, a VMI spectrometer was used to probe photoemission from free core-shell 

nanoparticles. The VMI spectrometer detected all electrons that were emitted from the 

nanoparticles. By changing the thickness of the shell, low energy EALs in squalane were 

determined. At very low kinetic energy (<2 eV), the EAL in squalane was >15 nm. At slightly 

larger kinetic energies (>2 eV), the EAL drops to 3-5 nm. Together with other energy resolved 

EALs in covalently bonded materials, these results suggest that the attenuation lengths of electrons 

 
Figure 3.9. Collection of energy-resolved, low energy EAL in soft materials. The measurements from this work 

are given by the magenta triangles. Error bars represent ±1s. The green and red dashed lines represent EALs in 

paraffin, n-C36H74 (Cartier et al.147,148) and IMFPs in methane (Jay-Gerin et al.162) films, respectively. The red 

squares represent the EAL in thick (top) and thin (bottom) squalane layers (Amanatidis et al.163). The blue 

triangles represent EALs measured in a free standing carbon film (Martin et al.165). The black symbols represent 

EALs in liquid water from aerosol particles (circles, Signorell et al.48) and liquid jets (diamonds, Suzuki et al.154; 

square, Thurmer et al.153; star, Buchner et al.164). The pentagons represent EALs in solid water (Michaud and 

Sanche166). At energies >2 eV, the EAL all remain fairly constant. 
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with >2 eV KE do not change with increasing kinetic energy. This finding suggests that these low 

energy electrons are equally surface sensitive as higher KE photoelectrons. The energy dependence 

of EALs for electrons with KE <2 eV appear to be highly material specific. Thus, the X-ray 

absorption measurements and the X-ray photoelectron measurements given in the preceding 

chapter have similar probing depths and are similarly surface sensitive. 

 The use of core shell aerosol particles to determine EALs is limited when performed using 

VUV radiation (due to the absorption of light by the shell material). However, this technique 

appears to have more promise and applicability at higher energies (such as soft X-rays) where the 

light penetration lengths are larger (i.e. light absorption by the shell can be neglected) and the 

spectral features (core-shell excitation) are more defined. The spectra reported here were collected 

at Terminal 1 of Beamline 9.0.2, which does not have a monochromator and the energy is directly 

controlled by changing the position of the undulator. This terminal provides high intensity (~1015 

photon/s) broadband (~0.2 eV resolution) VUV radiation. The high flux and large photoionization 

cross-section of iodide in the KI nanoparticle (~100 Mbarn)167 enabled the size-selected 

measurements necessary to perform the core-shell experiments. Subsequent measurements of 

electron attenuation lengths using X-rays will need to use a core with a similarly high 

photoionization cross-section (such as iodide-containing salts probing the 4s or 3d electrons)167 

and an undulator beamline with a high flux. 

 In the next chapter, low KE photoelectrons are used to probe chemical reactions in 

nanoparticles under diffusive limitations. The EALs measured in this chapter are used to inform 

the chemical gradients that form as a result of heterogeneous oxidation. 
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Chapter 4: Probing the Heterogeneous Oxidation of Diffusion-Limited 

Aerosol Particles by Photoemission 
 

I. Introduction: 

 

 Atmospheric aerosol particles exist in solid, liquid and highly viscous, diffusion-limited 

states, with viscosities ranging from <102 to >108 Pa s.11–14 In solids or viscous liquids, steep 

chemical gradients are expected to form as an aerosol particle ages photochemically in the 

atmosphere. Aerosol particles can age via heterogeneous oxidation by atmospheric oxidants (such 

as ozone, OH radical or nitrate radical). Heterogeneous oxidation can change the composition of 

an aerosol particle from hydrophobic to hydrophilic, which can ultimate affect its atmospheric fate. 

For example, it was found that particles aged through heterogeneous oxidation by the OH radical 

can act as cloud condensation nuclei at lower critical supersaturation percentages.168 Because steep 

chemical gradients in an aerosol particle could change its atmospheric interactions, it is important 

to understand the formation of chemical gradients and the chemical nature of the interface. 

The reactive uptake coefficient (γ) is the ratio of the number of reactive collisions to the 

total number of collisions of a gas-phase species with an aerosol particle. It is normally measured 

by probing the loss of gas-phase oxidant with exposure to a reactive surface, and by definition 

must be less than 1. A particle-based measurement of heterogeneous oxidation is the effective 

uptake coefficient (γeff). This is the number of molecules consumed per collision of gas-phase 

oxidant with the particle surface.105 γeff can be influenced by secondary chemistry and can have 

values greater than one if there is significant secondary chemistry that consumes the original 

reactant.120,121 The effective uptake coefficient is a bulk measurement of particle reactivity, and 

the viscosity and the phase-state of an aerosol particle have been measured to have a significant 

effect on its value.24,169,170 For example, a study measured the heterogeneous oxidation of succinic 

acid at a relative humidity (RH) above and below its efflorescence point and found γeff to be 1.65 

and 0.04, respecitively.169 Another study found the effective uptake coefficient of squalane 

(C30H62, a branched hydrocarbon that is liquid at room temperature) to be significantly larger than 

octacosane (C28H58, a linear hydrocarbon that is solid at room temperature) even though the 

individual molecules were estimated to have similar reactivity with the OH radical.170 The product 

distribution was also different for squalane and octacosane. While squalane showed 

functionalization throughout the molecule, octacosane was only functionalized at the ends of the 

molecules. This suggested that while squalane was free to diffuse and rotate in the particle, 

octacosane molecules experienced “surface freezing”, wherein the linear alkane chains 

preferentially orient normal to the surface.170,171 Because the OH radical reacts at the top ~1 nm in 

organic aerosol,157 the differences in effective uptake coefficients were attributed to differences in 

phase state and the ability for molecules to diffuse to the interface to react.  

Recent modeling results have tried to understand how diffusion limitations can lead to 

emergent properties of aerosol particles.172–174 The overall reactivity of an aerosol particle to 

heterogeneous oxidation is a balance between the flux of oxidant at the surface and internal mixing 

in the particle. To understand reactivity across a broad range of diffusion coefficients, a reaction-

diffusion index (IRD) has been defined:173,174 

 

 𝐼𝑅𝐷 = 𝑘𝑟𝑥[𝑔𝑎𝑠]𝜏𝑐𝑑 (4.1) 
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Here, krx is the phenomenological rate constant for consumption of starting material, [gas] is the 

concentration of gas phase oxidant, and τcd is the characteristic complete mixing time for a particle 

of a specific diameter, which is proportional to the square of the particle diameter and inversely 

proportional to the molecular diffusion coefficient. For reference, the reaction diffusion index is 

also known as the Damköhler number, which relates the chemical reaction rate to transport rate.  

If IRD <<1, then mixing is fast relative to the arrival of gas phase oxidant at the aerosol surface and 

the supply of OH is rate limiting. If IRD>>1, then the rate of mixing to bring organic molecules to 

the aerosol surface is rate limiting.  Thus, even though the reactive uptake coefficient of a particle 

may be constant, changes in its bulk composition and the measured effective uptake coefficient 

may be different at different experimental conditions. At larger IRD, bulk composition changes 

much more slowly, and large chemical gradients form within the particle as the surface becomes 

more highly oxidized than the bulk.  

The heterogeneous oxidation of triacontane (C30H62, a linear hydrocarbon) has been 

previously studied using aerosol mass spectrometry (AMS) to probe changes in bulk 

composition.9,23 Using a reaction kinetic model, it was predicted that under laboratory conditions 

the surface of the particle was chemically oxidized much more rapidly than the bulk (i.e. IRD>>1).23 

The kinetic model was constructed to fit the bulk composition of the triacontane particles, and 

information about the emergent chemical gradients had to be assumed. To directly measure the 

formation of chemical gradients from heterogeneous oxidation, photoemission was used to probe 

the surfaces of squalane and octacosane particles as they reacted. The results in this chapter inform 

how surface composition changes in aerosol particles reacting under mixing-limited conditions 

(IRD>>1). 

 

II. Experimental Methods: 

 

 The experiment used to study OH radical heterogeneous chemistry was nearly identical to 

that described in Chapter 2. The experimental setup is shown in Figure 4.1. Briefly, particles were 

generated by flowing nitrogen through a heated reservoir containing either squalane, octacosane 

or a mixture of the two (molecular structures are shown in Figure 4.1). After the oven, particles 

were flowed through a portion of heated tubing (~80 °C) to melt the particles to try to make them 

more spherical. The particle flow was mixed with oxygen (10%), humidified nitrogen (30%), dry 

nitrogen, ozone, and a gas-phase OH tracer (acetone). The total flow rate was ~1000 sccm. The 

flow was introduced into a quartz flow tube (2.5-cm inner diameter, 140-cm length). Particles had 

an average residence time of 37 s in the flow tube. The particles were oxidized by the OH radical, 

which was generated via the photolysis of ozone in the presence of water vapor using mercury 

lamps at 254 nm. After the flow tube, the concentration of the gas-phase tracer (acetone) was 

measured using a gas chromatograph (GC). From the decay of acetone and its OH radical reaction 

rate constant (kacetone,1.8 x 10-13 cm3 molecule-1 s-1),175 the OH radical exposure (⟨OH⟩t·t) was 

calculated using 

 

 
ln([acetone]/[acetone]0)  

𝑘𝑎𝑐𝑒𝑡𝑜𝑛𝑒
=  ∫[OH]𝑑𝑡 =  〈OH〉𝑡 ∙ 𝑡, (4.2) 

 

where [acetone]0 and [acetone] are the concentration of acetone before and after oxidation. A 

scanning mobility particle sizer (SMPS) after the flow tube measured changes in the size 

distribution with oxidation. 
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 Bulk particle reactivity was measured using a vacuum ultraviolet aerosol mass 

spectrometer (VUV-AMS). This was described in Chapter 2. The particles were collimated and 

introduced to vacuum using an aerodynamic lens. The particles were vaporized by impinging on a 

135 °C heated block, and the chemical components were ionized using 10.2 eV photons from the 

Chemical Dynamics Beamline (9.0.2) at the Advanced Light Source (ALS) at Lawrence Berkeley 

National Laboratory. The effective uptake coefficient of particles of pure squalane, pure 

octacosane and mixtures of the two were studied. The previous formulation of the effective uptake 

coefficient for pure organic particles reported by Smith et al.105 was modified to determine the 

uptake coefficient of a molecule in a well-mixed particle initially composed of two components. 

In a mixed particle, the effective uptake coefficient of molecule 1 (γeff,1) was determined from its 

decay with increasing OH exposure. As molecule 1 reacted and its concentration at the surface 

decreased, the OH collision probability with molecule 1 decreased. Thus, the reaction rate of 

molecule 1 (d[M1]/dt) in a mixed particle is: 

 

 
𝑑[𝑀1]

𝑑𝑡
=  −𝛾𝑒𝑓𝑓,1 ∙ 𝑓 ∙ 𝐽𝑐𝑜𝑙𝑙 ∙ 𝐶𝑝 ∙ 𝐴 ∙ 𝑥1 , (4.3) 

 

where f is the fraction of molecule 1 remaining within the particle (i.e. [M1]/[M1]0) and depends 

on the extent of reaction. Jcoll is the OH flux at the particle surface, A is the particle surface area, 

Cp is the particle number concentration and x1 is the initial mole fraction of molecule 1 in the 

particle. This formulation assumes that the particle is well-mixed on the time scale of the reaction 

and molecular species have equal propensity for the interface.105 Under these assumptions, the 

surface and volume fractions are identical. Thus, the reaction rate of molecule 1 needs to be scaled 

only by the initial fraction of the surface occupied by molecule 1 (which is assumed to be equal to 

x1). While the well-mixed assumption is not necessarily valid for oxidized particles with diffusion 

 
Figure 4.1. a) Schematic of flow tube setup (GC = Gas Chromatograph, SMPS = Scanning Mobility Particle Sizer, 

AMS = VUV Aerosol Mass Spectrometer, VMI = Velocity Map Imaging spectrometer). The chemical structures 

of squalane (b) and octacosane (c). 
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limitations, this treatment enables a semi-quantitative comparison of bulk kinetics across a wide 

range of diffusivities. γeff,1 can be solved for in Eq. 4.3 by substituting d[M1]/dt = -k[M1][OH], f = 

[M1]/[M1]0, and Jcoll = c̅ [OH]/4: 

 

 𝛾𝑒𝑓𝑓,1 =
𝑘1∙[𝑀1]∙[𝑂𝐻]

𝑓∙𝐽𝐶𝑜𝑙𝑙∙𝐴∙𝐶𝑝∙𝑥1
=

4∙𝑘1∙[𝑀1]0

𝑐∙̅𝐴∙𝐶𝑝∙𝑥1
 (4.4) 

 

Here, k1 is the second order heterogeneous rate constant for the reaction of squalene with OH and 

c̅ is the mean speed of gas phase OH radical. Eq 4.4 can be further simplified by expressing the 

spatially averaged molecule 1 concentration in terms of the initial particle phase density: 

 

 [𝑀1]0 =
𝐶𝑝∙𝑉∙𝜌0∙𝑁𝐴∙𝑥1

𝑀𝑊1
, (4.5) 

 

where V is the particle volume, MW1 is the molar mass of molecule 1, and NA is Avogadro’s 

number. Substituting Eq. 4.5 into Eq. 4.4 yields a final expression for γeff,1: 

 

 𝛾𝑒𝑓𝑓,1 =
4∙𝑘1∙𝐷𝑠𝑢𝑟𝑓∙𝜌0∙𝑁𝐴

6∙𝑐∙̅𝑀𝑊1
, (4.6) 

 

where V/A = Dsurf/6, and Dsurf is the mean surface-weighted particle diameter of the aerosol 

distribution as measured by the SMPS. Thus, by looking at mixtures of squalane and octacosane, 

the effective uptake of the components were measured to understand how diffusion limitations 

impact heterogeneous reactivity. 

 The surfaces of aerosol particles were studied using X-ray photoemission spectroscopy. 

Specifically, X-ray photoelectron spectroscopy (XPS) was used to study the heterogeneous 

oxidation of pure squalane particles by the OH radical, and near edge X-ray absorption 

spectroscopy (NEXAFS) at the carbon and oxygen K edges was used to study the heterogeneous 

oxidation of pure squalane and octacosane particles. The details of these measurements are 

described in Chapter 2. Briefly, particles were introduced into a velocity map imaging (VMI) 

spectrometer and photoelectrons were mapped onto a multichannel plate-phosphor detector.108 C1s 

XPS spectra were obtained using a photon energy of 330 eV, collecting particle and background 

images for 300 s and extracting a photoelectron spectrum from the background-subtracted image 

using conventional techniques.112 NEXAFS spectra were collected by scanning the incident photon 

energy and measuring the intensity of low kinetic energy (KE) electrons (KE <10 eV).  The camera 

used in Chapter 2 to measure electron intensity was replaced with a photomultiplier tube (PMT) 

to decrease the time spent at each energy when scanning. Carbon and oxygen K edge NEXAFS 

spectra were collected from 280-300 eV and 526-552 eV, respectively. The spectra were collected 

with 0.2 eV steps and exposure times of 1 s per step.  All X-ray measurements were collected at 

beamline 6.0.2 at the ALS.  

 

III. Results and Discussion: 

 

a) Bulk squalane and octacosane particle measurements. The chemical composition of the bulk 

squalane and octacosane aerosol particles were measured at different OH radical exposures using 

the VUV-AMS. Mass spectra of pure squalane and octacosane are shown in Figures 4.2a and 4.2b, 
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respectively. The mass spectra of squalane and octacosane have molecular ions at m/z 422 and 

394, respectively. As the particles react with gas phase OH, the intensities of the molecular ions 

decrease. The oxidation of squalane and octacosane are expected to follow similar peroxy radical 

chemistries, as shown in Scheme 4.1.  After H-atom abstraction by OH, peroxy radicals are formed 

via O2 addition to an alkyl radical.  The subsequent reaction pathways of peroxy radicals typically 

form new ketone and alcohol functional groups. Figure 4.2a shows the mass spectrum of squalane 

after about half of the initial concentration of squalane reacted (OH exposure = 5.3x1011
 molecule 

s cm-3). As the particles were heterogeneously oxidized by the OH radical, some of the oxygenated 

products were detected, as has been previously observed and described.105,106,176 Figure 4.2b shows 

the mass spectrum of octacosane after about half of the initial concentration of octacosane has 

reacted (OH exposure = 4.0x1012 molecule s cm-3). The first thing to note is that octacosane reacts 

much more slowly than squalane (i.e. a much higher OH exposure is necessary to react with about 

half of the octacosane). The second thing to note is that no functionalized products from 

heterogeneous oxidation are observed in the mass spectrum. This is consistent with previous 

observations of products of heterogeneous oxidation, wherein the concentration of 

functionalization products from octacosane after ~1 lifetime of oxidation were significantly much 

less intense than the products observed from squalane oxidation.170 In this previous study, only the 

 
Figure 4.2. a) Aerosol mass spectrum of squalane particles without exposure to OH radicals is shown on top. The 

molecular ion is labeled as “Sq.” The bottom panel shows the mass spectrum when about half of the squalane 

reacts. Functionalized products with increasing numbers of oxygen (SqO and SqO2) are present. b) The mass 

spectrum of octacosane particles without exposure to OH radicals is shown on top. The molecular ion is labeled 

as “Oct”. The bottom panel shows the mass spectrum when about half of the octacosane reacts. No products are 

observed when octacosane heterogeneously reacts. 
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ends of the octacosane molecules were functionalized, suggesting that diffusion limitations 

allowed the small number of molecules at the interface to react. Thus, because the number of 

molecules at the interface is small (compared to the bulk of the particle), and the products are 

expected to be highly oxidized (which makes them more difficult to observe using VUV 

photoionization), it is possible the measurement here was not sensitive to the products of 

octacosane oxidation. 

 The decays of the molecular ions at different OH exposures were monitored, and the 

effective uptake coefficients of pure squalane and octacosane were measured to be 0.31±0.06 and 

0.03±0.01, respectively. The uptake coefficient for squalane is very similar to previous 

measurements.105,170,177 Ruehl et al. previously measured an effective uptake coefficient of 

0.18±0.11 for octacosane,170 which is slightly larger than the value measured here. Because solid 

particles can form needle morphologies,178 an annealing oven was used to melt the particles to 

make them more spherical. Non-spherical particles have a larger surface area and react faster 

heterogeneously (Eq. 4.3). Ruehl et al. did not anneal the octacosane particles and differences in 

particle morphology (i.e. surface area) could explain the larger effective uptake coefficient 

reported in their work.  

 Using structure-activity relationships, the gas phase reactivity of squalane and octacosane 

were estimated to be very similar, given the distribution of abstractable H atoms at primary, 

secondary and tertiary carbon sites (kgas = 4.0x10-10 and 3.7x10-10 cm-3 molecule-1 s-1 for squalane 

and octacosane, respectively).179 Because particle size and OH concentration were similar for 

heterogeneous oxidation experiments for both of these particles, differences in internal mixing 

times likely explain the differences in effective uptake coefficient.172 The self-diffusion 

coefficients in squalane180 and triacontane23 (a linear hydrocarbon very similar to octacosane) are 

7x10-7 and 8.3x10-19 cm2 s-1, respectively. A 200-nm squalane and octacosane particle have a 

characteristic mixing time of ~10-5 and ~107 s, respectively. Thus, based on the reaction conditions 

 
Scheme 4.1 Reaction mechanism for the heterogeneous oxidation of a saturated alkane by the OH radical. 
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here, squalane and octacosane have IRD of ~10-7 and ~105, respectively, suggesting that the particles 

react in different rate limiting regimes.173,174   

 Figure 4.3 shows the effective uptake coefficients of octacosane and squalane measured in 

different squalane-octacosane mixtures. As the squalane content of the particle increased, the 

octacosane molecular ion decayed faster (Figure 4.3a). Figure 4.3b shows the calculated uptake 

coefficients for octacosane and squalane at different particle compositions using Eq. 4.6. Because 

they have similar estimated gas-phase reactivities, the two molecules react at a similar rates when 

the particles are well-mixed. At higher concentrations of squalane (xsqa>0.8), the effective uptake 

coefficient of both octacosane and squalane are equivalent to pure squalane, suggesting that 

diffusion is fast relative to the reaction frequency (i.e. IRD<<1 and that the reactions take place in 

an OH flux limited regime). However, as the initial concentration of squalane in the particle 

decreases (0.6<xsqa<0.8), the particle becomes more viscous and the effective uptake coefficients 

of both octacosane and squalane decrease. At these compositions, the viscosity in the particle 

increases, such that diffusion is slow relative to the reaction frequency. The decrease in measured 

effective uptake suggests that the particle is transitioning from an OH flux limited regime to an 

organic mixing diffusion limited regime. In this transitory regime, the entire particle starts to be 

inaccessible for reaction at the interface, and only molecules that reside within the reacto-diffusive 

 
Figure 4.3. a) Decay of the molecular ion of octacosane from heterogeneous oxidation in mixed octacosane-

squalane particles with different compositions. b) Calculated effective uptake coefficients of octacosane and 

squalane in mixtures of the two. 
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length react heterogeneously. The heterogeneous oxidation of citric acid at different RHs showed 

a similar effect.24 At high RH, the viscosity of the citric acid particle was low and the particle could 

mix freely (i.e. the reacto-diffusive length was larger than the radius of the particle and IRD<<1). 

At lower RH, the viscosity decreased, and both the measured effective uptake coefficient and the 

reacto-diffusive length were smaller (i.e. IRD>1).  

 When the initial squalane composition decreases further (xsqa<0.6), squalane and 

octacosane have different reactivities. With decreasing xsqa, the effective uptake coefficient of 

octacosane decreases to that of pure octacosane. Conversely, with decreasing xsqa at these 

compositions, the effective uptake coefficient of squalane starts to increase again towards that of 

pure squalane. The differences in the behavior of the molecular components suggests that at these 

compositions the particles do not exist in a well-mixed state, but are phase separated. Phase 

separation has been previously observed in particles composed of mixtures of solid and liquid 

components (such as mixtures of oleic acid and stearic acid).178 Thus, by changing the composition 

of the particle, heterogeneous oxidation can either be OH flux limited (as with liquid well-mixed 

particles) or organic mixing limited (as with semi-solid, viscous particles).  

 

b) X-ray photoelectron spectroscopy of squalane particles. X-ray photoelectron spectroscopy 

can measure the O:C ratio by directly probing the chemical composition of the surface. For 

example, in Chapter 2 the formation of carbonyls and secondary ozonides from the heterogeneous 

ozonolysis of squalene particles was probed directly by measuring photoelectrons from the C1s 

orbital. XPS spectra from the heterogeneous oxidation of squalane particles are shown in Figure 

4.4. The spectra were collected with 330 eV photons (resulting in ~40 eV KE photoelectrons). An 

XPS spectrum of unoxidized squalane particles is shown in Figure 4.4a, and an XPS spectrum of 

squalane particles oxidized at an OH exposure of 3.8x1012 molecule s cm-3 is shown in Figure 

4.4b. Compared to the unoxidized particles, the spectrum of oxidized squalane has a broad 

shoulder at higher binding energies. The broad shoulder is attributed to the presence of oxygenated 

carbon species. 

 To extract a quantitative measure of the chemical composition of the surface of the particle, 

the XPS spectra were fit using a method adapted from previous studies.49,91 Because squalane is 

only composed of one type of carbon (methylene carbon, CHx), a single Gaussian peak was first 

fit to the unoxidized squalane spectrum. Next, the most highly oxidized squalane spectrum was fit 

using two Gaussian peaks: the CHx peak (which had the same parameters as in the unoxidized 

squalane spectrum) and an oxygenated carbon peak, Cox (which was constrained to have the same 

FWHM as the CHx peak). The Cox peak was shifted by 2.0 eV relative to methylene CHx peak, 

which is in good agreement with the average expected shift for carbonyls and alcohols.130 The 

same two peaks were fit to the squalane spectra at each OH exposure. Based on the expected 

reaction products (Scheme 4.1) and the relative shift of the Cox peak, it was assumed that there was 

only one oxygen per Cox (i.e. only ketones and alcohols were formed). Thus, by monitoring the 

relative intensity of the Cox
 peak, the O:C ratio at the surface could be measured directly (Figure 

4.4c). The experimental O:C ratios are in good agreement with the predicted O:C ratios from AMS 

results in a previous study of squalane oxidation (as shown in Figure 4.4c).106 The O:C ratios of 

oxidized squalane particles measured with XPS were used to inform the X-ray absorption 

measurements as described below. XPS spectra of octacosane particles were unable to be 

measured. It is suspected the octacosane particles were not completely spherical, and thus, were 

not sufficiently collimated by the aerodynamic lens, leading to poor transmission efficiency in the 

apparatus. 
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c) X-ray absorption of squalane and octacosane particles. Changes in the surface composition 

of octacosane and squalane were probed using photoemission spectroscopy. Specifically, 

NEXAFS spectra at the carbon and oxygen K edges were collected by scanning the incident photon 

energy and measuring the intensity of low kinetic energy (KE) electrons. An example distribution 

of low KE electrons from organic aerosol is shown in Chapter 2 (Figure 2.4a). The distribution is 

peaked around ~3 eV kinetic energy. Thus, based on the results that are presented in Chapter 3, 

the NEXAFS measurements are expected to probe the top ~3-4 nm of the particle.50 The probing 

depth will be discussed in more detail below. 

 Figure 4.5 shows the carbon K edge NEXAFS spectra of squalane and octacosane at 

different OH exposures. The spectra were area normalized using total electron yield (TEY) signal 

from 284 to 300 eV. Unlike squalene ozonolysis, wherein the complete decay of the 1sπ* 

transition was observed (Chapter 2), the changes in the squalane (Figure 4.5a) and octacosane 

(Figure 4.5b) carbon K edge NEXAFS spectra are much more subtle with increased oxidation. For 

 
Figure 4.4. a) and b) show the XPS spectrum of squalane particles oxidized at an OH exposure of 0 and 3.8x1012

 

molecule s cm-3, respectively. Spectra were collected using 330 eV photons. c) The measured O:C ratio at the 

surface of squalane at different OH exposures. It was assumed that there was only one oxygen atom per Cox
 (i.e. 

only ketones and alcohols formed, no carboxylic acids). The O:C ratio of the bulk was predicted using kinetics 

measured in previous work.106 
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both particles, at higher OH exposures, a pre-edge feature at ~286 eV grows in, and the intensity 

at the initial pre-edge feature (~287 eV) decreases and blue shifts. The appearance of the pre-edge 

feature arises due to an increasing number of different functional groups at the particle surfaces.97 

Based on the reaction mechanism (Scheme 4.1), alcohols and carbonyls are created as the particles 

heterogeneously react. A comparison of gas-phase carbon K edge NEXAFS spectra of ethane, 

ethanol and acetaldehyde shows that carbonyl species (and the C(CO) π* transition) is most 

likely responsible for the growth of the pre-edge feature (Figure 4.5c).181 However, without X-ray 

absorption calculations, it is difficult to determine precisely which chemical species are 

responsible for the spectral changes.  

 Both the squalane and octacosane carbon K edge NEXAFS spectra exhibit an isosbestic 

point at ~286.5 eV, which suggests that there is an average of two populations of species 

contributing to the spectra. Heterogeneous oxidation kinetics were extracted from the spectra by 

calculating the ratio of the spectral area left of the isosbestic point to that right of the isosbestic 

point and plotting it as a function of OH exposure (Figure 4.5d). This method calculates the relative 

intensity of the pre-edge feature, which is assumed to be proportional to oxygenated product at the 

surface. As shown in Figure 4.5d, the pre-edge feature grew much more rapidly for octacosane 

than it did for squalane. As described in Chapter 2, a rate constant (k) describing the growth of a 

signal with increased oxidation was calculated with 

 
Figure 4.5. Carbon K edge NEXAFS spectra of squalane (a) and octacosane (b) particles at different OH 

exposures. Spectra were area normalized using the measured TEY intensity from 286-300 eV. c) Reference 

NEXAFS spectra of gas-phase ethane, ethanol and acetaldehyde. d) Oxidation kinetics from carbon K edge 

NEXAFS spectra were extracted by calculating the ratio of the area left of the isosbestic point (286.5 eV) to that 

right of the isosbestic point and plotting it as a function of OH exposure. 

 



49 

 

 

 𝐼𝑡 = 𝐼𝑚𝑎𝑥(1 − 𝑒−𝑘〈OH〉𝑡∙𝑡), (4.7) 

 

where It and Imax are the signal intensity at a given OH exposure and the maximum possible signal 

intensity, respectively. The rate constants for squalane and octacosane that best describe the 

appearance of the pre-edge feature are (3.2±1.0)x10-13 and (9.0±1.0)x10-13 cm3 molecule-1 s-1, 

respectively. The starting diameter of squalane and octacosane were similar, both measured to be 

~200±40 nm. Thus, even though squalane appears much more reactive with bulk probes, the 

surface of octacosane (as probed with TEY X-ray absorption) appears to change much more 

rapidly. This measurement suggests that a chemical gradient is formed with increased oxidation in 

the octacosane particle due to diffusion limitations. However, because X-ray absorption at the 

carbon K edge is not a direct measure of oxygenated products and changing speciation affects the 

shape of the spectrum, the magnitude of the chemical gradient cannot be determined with these 

data alone. Thus, direct probes of oxygenated species (such as oxygen K edge X-ray absorption) 

are necessary to quantify the absolute magnitudes of chemical gradients. 

 Figure 4.6 shows the oxygen K edge NEXAFS spectra of squalane and octacosane at 

different OH exposures. The spectra were normalized to the pre-edge intensity (526-528 eV), 

which arises from extended carbon K edge absorption and (as discussed in Chapter 2) is 

 
Figure 4.6. Oxygen K edge NEXAFS spectra of squalane (a) and octacosane (b) particles at different OH 

exposures. Spectra were normalized to the pre-edge intensity (526-528 eV).  
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proportional to the surface area of the particles (as measured by the SMPS). Similar to the oxygen 

K edge NEXAFS spectra from squalene ozonolysis, two peaks are observed to grow in with 

increasing OH exposure.49 The peak at ~532 eV is slightly red-shifted in octacosane when 

compared to squalane. The underlying nature of the shift is unclear. It could arise from different 

molecular species or from differences in the bonding environment. NEXAFS probes unoccupied 

orbitals which, are very diffuse and sensitive to the bonding environment. In tandem with 

simulations, small shifts in NEXAFS spectra have been used to describe the bonding environment 

of molecules.182 Thus, simulations are necessary to fully understand the structure of the oxygen K 

edge NEXAFS spectra. 

 Because the oxygen K edge NEXAFS spectra were normalized to the pre-edge intensity 

(526-528 eV)—which arises from extended carbon K edge absorption—the intensities in the 

spectra are directly proportional to the oxygen to carbon (O:C) ratios at the surface. The calibration 

factor to relate NEXAFS intensity to O:C ratio was determined using both squalene ozonolysis 

and squalane oxidation data. In Chapter 2, the change in the O:C ratio with increasing squalene 

ozonolysis was directly measured using XPS and could be related to intensities in oxygen K edge 

NEXAFS spectra.49 In this chapter, XPS also was used to directly measure the O:C ratio of 

squalane particles as they were oxidized by the OH radical. Using the squalane XPS data, the O:C 

ratio at each OH exposure shown in Figure 4.6a was determined. Figure 4.7 shows a plot of the 

O:C ratio as a function of oxygen K edge NEXAFS intensity for both squalene ozonolysis and 

oxidation of squalane by the OH radical. Thus, using this linear relationship between oxygen 

NEXAFS intensity and O:C ratio, the chemical composition of the surface of squalane and 

octacosane particles with increasing heterogeneous oxidation was described. 

 The change in the O:C ratio for squalane and octacosane is shown in Figure 4.8a. As with 

the carbon K edge NEXAFS spectra, even though the bulk composition of octacosane changes 

~10x slower than that of squalane, the surface O:C ratio increases significantly faster. Using Eq. 

4.7, the rate constants for the change in O:C ratio at the surfaces of squalane and octacosane were 

(3.0±0.9)x10-13 and (8.6±1.2)x10-13 cm3 molecule-1 s-1, respectively. The particles had the same 

starting sizes as those used to collect carbon K edge NEXAFS spectra (both ~200±40 nm). These 

 
Figure 4.7. Calibration plot showing the relation between O:C ratio and the oxygen K edge NEXAFS intensity 

(measured at hν = 532 eV). Squalene + O3 data are from Chapter 2.49 Squalane + OH data are from this chapter. 
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rate constants are in good agreement with those describing the spectral changes in the carbon K 

edge NEXAFS spectra. To directly compare the growth of the surface O:C ratio in the two 

particles, OH exposure was converted to oxidative lifetimes using the effective uptake coefficient 

of squalane and octacosane from the AMS measurements. An oxidative lifetime is the number of 

reactive OH collisions with a particle divided by the number of molecules in the particle. From the 

second order reaction rate constant (k1, as defined in Eq. 4.4), the number of lifetimes is determined 

with the following: 

 

 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒𝑠 = 𝑘1 〈OH〉𝑡 ∙ 𝑡. (4.8) 

 

Thus, one oxidative lifetime occurs at the OH exposure causing the parent molecule to decay by a 

factor of 1/e. Figure 4.8b shows that over the range of OH exposures measured here, the squalane 

particles react up to ~4 oxidative lifetimes, while octacosane particles only react up to ~0.5 

oxidative lifetime. By plotting the O:C ratio measured with photoemission as a function of 

oxidative lifetime, the change in the surface composition is related to the change in the bulk 

 
Figure 4.8. a) Measured surface O:C ratio for squalane particles (black squares) and octacosane particles (red 

circles) at different OH exposures. The data were fit to Eq. 4.7 to determine the rate of change and the maximum 

O:C ratio. b) Measured surface O:C ratio for squalane and octacosane particles at different oxidative lifetimes. 

The oxidative lifetimes were calculated using the bulk AMS measurements and Eq. 4.8. 
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composition. The surface O:C ratio for octacosane increases much more rapidly than that of 

squalane for similar changes in bulk composition. Thus, this measurement directly shows diffusion 

is much slower than the OH reaction frequency in the octacosane particle, which creates a steep 

chemical gradient and heterogeneity within the particle. 

 The maximum possible O:C ratios at the particle surfaces were calculated to be 0.21±0.04 

and 0.19±0.01 for squalane and octacosane, respectively. The bulk O:C ratios for squalane and 

triacontane (a C30 linear hydrocarbon that is assumed to behave identically to octacosane) have 

been measured previously at very high OH exposures. The bulk O:C ratio for squalane was 

measured to increase to ~0.3 after 16 oxidative lifetimes.106 Using the squalane second order rate 

constant measured with the AMS, 16 oxidative lifetimes is equivalent to an OH exposure of 

1.6x1013 molecule s cm-3. This is ~4 times larger than the highest exposure measured here, meaning 

the O:C ratio from photoemission was only measured at the beginning of oxidation (i.e. relatively 

low concentration of oxidants and small overall change in particle composition compared to 

previous results). Thus, because only the rise in O:C ratio and not a plateau in O:C ratio was 

measured, the maximum O:C ratio for squalane reported here is not well-constrained and could 

include some systematic error. 

 In contrast with squalane, the surface composition of octacosane reached a steady value 

with the OH exposures used here. Previous measurements have found the bulk O:C ratio for 

triacontane to increase to >0.9 with an OH exposure of 1x1013 molecule s cm-3.23 This composition 

is significantly different than what is presented here (maximum surface O:C ratio of 0.19±0.01). 

Additionally, no products were observed in the bulk AMS measurements reported here that would 

suggest such a large bulk O:C ratio with increasing OH exposure (Figure 4.2b). The bulk 

composition in previous studies was determined indirectly using an AMS with an electron 

ionization source and relating the chemical composition of fragments to the overall O:C particle 

ratio.183 A recent report has summarized the change in average carbon oxidation state with 

increasing OH exposure for many different particles (from solid to liquid, saturated to unsaturated, 

etc.).9 Despite its small effective uptake coefficient and low bulk reactivity, triacontane particles 

were reported to have the largest and fastest change in bulk chemical composition when compared 

to any other type of particle measured. It is possible particle morphology or environmental 

conditions (such as RH) could affect how particle composition evolves with increased 

heterogeneous oxidation. However, it is unclear how to understand the differences between the 

particle composition measured here and in previous results. 

 A reaction-diffusion model for heterogeneous oxidation of triacontane by hydroxyl radicals 

was created to try to understand the previous bulk measurements.23 The only way to obtain the 

large bulk O:C ratios was to assume that the particles plasticized and diffusion timescales in the 

particle decreased with increasing oxidation (i.e. IRD decreased). With plasticization of the particle, 

the internal mixing timescales were faster than would be expected from the self-diffusion 

coefficient of triacontane, and the particle was more homogeneously oxidized. When diffusion in 

the particle was kept at the self-diffusion coefficient of triacontane, only the top ~1 nm at the 

surface was oxidized and a highly oxidized crust was formed. Because products from oxidation 

were confined to the surface, the maximum bulk O:C ratio under these conditions was ~0.1 (which 

did not support the previous bulk measurements).23 

 To understand the results presented here, the two triacontane models23 were run using the 

particle diameter measured here (~200 nm) at the OH exposures measured here. At each OH 

exposure, the internal distribution of the O:C ratio from the model was recorded. Figure 4.9a shows 

the internal distribution of the O:C ratio for the model that includes plasticization at an OH 
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exposure of 5.0x1012 molecule s cm-3. Figure 4.9b shows the internal distribution of the O:C ratio 

for the model that keeps diffusion constant at the same OH exposure. As discussed, oxygenated 

molecules diffuse faster in the plasticization model. As a result, the contrast between surface 

composition and bulk composition is not as extreme as it is in the constant diffusion model. 

Because of the short electron attenuation length (EAL), the NEXAFS measurements were surface 

sensitive. The EALs for electrons with >2 eV KE were reported in Chapter 3 to be ~3-4 nm.50 

From the internal distribution of O:C ratios [OC(r)], the depth averaged O:C ratio (OCm) with the 

NEXAFS  probe is given by: 

 

 𝑂𝐶𝑚 =  ∫ 𝑂𝐶(𝑟)𝑒−𝑟/𝐸𝐴𝐿 𝑑𝑟
𝑅

0
/ ∫ 𝑒−𝑟/𝐸𝐴𝐿 𝑑𝑟

𝑅

0
 (4.9) 

 

where R is the radius of the particle and r is the distance from the surface of the particle. Figure 

4.9 shows the depth averaged O:C ratio from different EALs (2, 4, 6, 8 and 10 nm) using both of 

the models. The results from the model that includes plasticization is shown in Figure 4.9c, and 

the results from the model with constant diffusion (i.e. no plasticization) is shown in Figure 4.9d. 

At longer EALs, the NEXAFS probe is less surface sensitive. For both models, this implies that 

more of the less oxidized material in the center of the particle is probed and there is a lower 

measured O:C ratio. Because plasticization results in a more gradual chemical gradient within the 

particle, changing the EAL has less of an effect on changing the depth averaged O:C ratio in the 

plasticization model. The experimental O:C ratios measured with the NEXAFS probe are overlaid 

on both of the model outputs. As expected, the model that includes plasticization and more closely 

fits the previous bulk measurements over-predicts O:C ratio at every OH exposure. However, the 

 
Figure 4.9. a,b) The internal distribution of the O:C ration for triacontane particle with in initial radius of 190 nm 

after it has been heterogeneously oxidized at an OH exposure of 5.0x1012 molecule s cm-3. The distribution from 

the model that includes plasticization is shown in (a). The distribution from the model that keeps diffusion constant 

is shown in (b). c,d) Estimates of the O:C ratio that would be measured with different probe depths (as determined 

by electron attenuation lengths). The experimental surface O:C ratios are overlaid (black squares). The changing 

surface composition with the plasticization model is shown in c), and the changing surface composition with the 

constant diffusion model is shown in d).  

 



54 

 

model that keeps diffusion constant (i.e. no plasticization) accurately predicts the measured O:C 

ratio assuming an electron attenuation length of ~8 nm. This EAL is reasonable given the possible 

systematic errors which were discussed in Chapter 3. Even though the model predicts O:C ratios 

that are >1 at the surface of the particle, the measured O:C ratio decreases significantly when 

contributions from the interior of the particle are included because the oxidized layer is only ~1 

nm thick. Thus, the experimental results measured here suggest that aerosol particles composed of 

long linear hydrocarbons form a highly oxidized crust when they are heterogeneously oxidized, 

meaning that an extremely steep chemical gradient is formed within the particle. 

 In addition to predicting an absolute magnitude, the rate of change of the depth-averaged 

O:C ratio was calculated for both models at each EAL using Eq. 4.7. For the model that includes 

plasticization, the rate constants describing the change in O:C ratio decrease with increasing EAL, 

ranging from (8.0±0.2)x10-13 to (4.8±0.2)x10-13 cm3 molecule-1 s-1 for EALs of 2 and 10 nm, 

respectively. These rate constants change because slower-changing O:C ratios from the core of the 

particle contribute more to the depth averaged O:C ratios at longer EALs. Conversely, for the 

model that keeps diffusion constant, the rate constants describing the change in O:C ratio remain 

the same across all probing depths, (1.8±0.2)x10-12 cm3 molecule-1 s-1. These rate constants stay 

the same because all of the oxygenated species in the particles are probed at each EAL. This is 

because the thickness of the oxidized crust is smaller than the shortest possible EAL. The rate 

constant describing the change in O:C ratio measured with photoemission—(8.6±1.2)x10-13 cm3 

molecule-1 s-1—is between those predicted by each model. This suggests that diffusion within the 

particle could evolve with the increased oxidation of octacosane, but it is likely not as rapid as 

described in the initial plasticization model. 

 

IV. Conclusion: 

 

 Photoemission spectroscopy was used to study the changing surface composition and the 

formation of chemical gradients within a particle with oxidation. The heterogeneous oxidation of 

both highly viscous octacosane and liquid squalane particles were compared using both bulk and 

surface measurements. In bulk measurements, pure octacosane particles were found to react much 

more slowly than pure squalane particles. However, in mixtures of octacosane and squalane, 

octacosane reacted much more quickly because the molecules were able to diffuse more rapidly 

than the OH reaction timescale. This observation confirmed that diffusion limitations governed the 

arrested kinetics in pure octacosane particles.  

 The formation of chemical gradients in the particles were measured using NEXAFS at the 

carbon and oxygen K edges. In these surface sensitive probes, octacosane appeared to 

heterogeneously react significantly faster than squalane particles, demonstrating that even though 

the bulk composition of octacosane particles changed slowly, the surface composition changed 

much more rapidly. Using the oxygen K edge NEXAFS spectra, the change in the O:C ratio of the 

surface region could be probed directly. From the kinetics of the O:C ratio, the data reported here 

suggest that diffusion in the octacosane particle remains very slow and only the molecules at the 

surface of the particle react, creating a highly oxidized crust around an unoxidized core. This 

conclusion is supported by the bulk AMS measurements reported here, wherein products of 

heterogeneous oxidation were below the detection limit. The conclusion is also supported by 

previous work looking at the products of heterogeneous oxidation of octacosane. This work found 

that only the ends of the octacosane reacted, suggesting that the molecules were frozen at the 

particles surface.170 The measurements reported here suggest that the bulk O:C ratio of octacosane 
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particles does not increase as rapidly as that of liquid squalane particles. Previous work looking at 

heterogeneous oxidation has observed much larger changes in bulk composition of particles 

composed of linear alkanes.9,23 The differences between the previous measurements and those 

reported here cannot be readily rationalized, but particle morphology could play a role. If the 

particles in previous work were less spherical than they were here, they would appear to react 

faster. Ultimately, this work demonstrates that diffusion limitations can create particles with highly 

oxidized surfaces at relatively low oxidant exposures. By changing the chemical nature of the 

interface, it is expected the atmospheric fate of these diffusion-limited particles will change. 
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Chapter 5: Studying Chemistry in Micro-Compartments by Separating 

Droplet Generation from Ionization 
 

The content and figures of this chapter are reprinted or adapted with permission from Jacobs, M. I.; 

Davis, R. D.; Rapf, R. J.; Wilson, K. R., “Studying Chemistry in Micro-Compartments by Separating 

Droplet Generation from Ionization” J. Am. Soc. Mass Spectrom., 2019, DOI: 10.1007/s13361-018-

2091-y 
 

I. Introduction: 

 

An increasing number of studies have suggested that chemical reactions in micrometer-

sized compartments can occur at significantly enhanced rates compared to those in bulk 

solution.10,65–78,85–88,184 The mechanism for these observed rate enhancements is unclear. For 

simplicity, many of these studies66–78 have used electrospray sources to produce highly charged, 

rapidly-evaporating droplets, thereby accessing concentration and pH extremes far beyond what 

can be obtained in bulk solutions.65 Extremes in concentration and pH produced by evaporation 

could explain many of the observed in-droplet rate enhancements since many of these reactions 

proceed via acid-catalyzed reaction mechanisms. In contrast, rate enhancements have also been 

observed in studies where droplets were uncharged and evaporation did not occur; for example, in 

oil-water emulsions,10 droplets levitated by the Leidenfrost effect,85,86 and droplets levitated in an 

acoustic trap 87 or electrodynamic balance.88 These experiments, in particular, suggest that the 

droplet interface could also play a role in changing reaction energetics and enhancing reaction rate 

constants.  

Experiments using electrospray sources to generate droplets and to study reaction rate 

enhancements have assumed that in-droplet reactions stop when they enter the mass 

spectrometer,66–68,71–75 or when they are deposited onto a surface.70,77 Thus, new ions that appear 

in mass spectra have been attributed in-droplet chemistry. This interpretation could be complicated 

in electrospray ionization mass spectrometry (ESI-MS) by unwanted gas-phase ion-molecule 

reactions,185 ion clustering,72,73,186 and thermally-activated reactions on the heated MS inlet.76 

While these processes have been eliminated in some studies where the reactants had an appreciable 

vapor pressure and were easily introduced to the gas phase,78 it is often difficult to distinguish 

potential gas-phase processes from in-droplet reactions using mass spectrometry alone, especially 

in cases where reactants have low vapor pressures. Thus, because droplet composition is not 

precisely known (due to solvent/reactant evaporation and pH extremes caused by large surface 

charge densities) and it is difficult to decouple in-droplet from gas-phase processes, the use of 

electrospray sources alone is a poorly constrained technique to determine the underlying 

mechanisms explaining reaction rate enhancements that have been observed in droplets.  

Many studies using electrospray sources to study rate enhancements in droplets have used 

a sonic spray source.66–68,71–78 This ionization source employs a traditional micro ESI source with 

supersonic nebulizing gas. The high linear velocity of the nebulizing gas provides efficient 

pneumatic spraying of the charged liquid sample (allowing aqueous samples to be electrosprayed 

directly).187 The nebulizing gas also enables delivery of ions and droplets to the mass spectrometer 

over a great distance. By changing the distance between the ionization source and the inlet of the 

mass spectrometer, studies have reported temporal control over reaction progress.66,68,71–76,78 

However, evaporation of solvent, changing number of droplets sampled by the mass spectrometer, 

and potential gas-phase processes make kinetic studies from such measurements difficult to 

interpret. Thus, to understand the mechanisms driving rate enhancements in droplets, a more 
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controlled experimental setup is needed where droplet generation is completely decoupled from 

ionization and detection of reaction progress. 

To better elucidate the possible mechanism of rate enhancements in compartments, an 

approach whereby uncharged droplets are generated and decoupled from ionization was 

developed. Uncharged droplets were generated using an aerosol atomizer and then separately 

ionized using a Direct Analysis in Real Time (DART) ionization source188 or an extractive ESI 

source. Unlike ESI, DART directly ionizes species in the gas phase and formally ensures that all 

uncharged, in-droplet chemistry is stopped prior to entering the mass spectrometer. Furthermore, 

when two aerosol atomizers were used, it was possible to separate reactants into different 

compartments and only allow them to mix only in the gas phase within the ionization source, 

allowing potential gas-phase chemistry to be isolated from in-droplet reactions. With this 

technique, it is therefore possible to unambiguously determine whether gas-phase processes may 

be contributing to observed rate enhancements. Additionally, by separating droplet formation from 

ionization, this approach, in principle, allows for the independent investigation of the many factors, 

such as the interface, charge, and evaporation, which may underlie the observed rate enhancements 

in micron-sized compartments.  

  

II. Experimental Methods: 

 

 A schematic of the experimental setup is shown in Figure 5.1. In contrast to the highly 

charged droplets from an ESI source, uncharged streams of droplets were generated using an 

atomizer (Model 3076, TSI, Inc.). The experimental setup could be run in two different 

configurations. The first configuration (termed “Reactants in same compartment” and shown in 

Figure 5.1a) was used to study in-droplet reactions. In this mode reactants were pre-mixed, 

 

Figure 5.1. a) To study in-droplet chemistry, reactants were atomized together and put in the same compartment. 

b) To study potential gas-phase processes, reactants were atomized separately into different compartments and 

were only mixed in the gas phase within the ionization source. 
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atomized and vaporized together (i.e. reagents in the same compartment). In the second 

configuration (termed “Reactants in different compartments” as shown in Figure 5.1b) reactants 

were atomized separately and never reside in the same droplet. This setup was used to determine 

if new peaks or products observed in the mass spectra could arise from gas-phase chemistry in the 

ionization source. This configuration used two different atomizers and two different heaters, such 

that the reactants were only allowed to mix as gases within the ionization source. The outlets of 

the two heaters were directed toward one another (separated by ~2 cm) and the vaporized-particle 

flows (700 sccm each) mixed in the ionization source. Because particles were generated at low 

concentrations from the atomizer (~1000 µm/m3), the vaporized reactants existed at very low 

concentrations within the ionization source (~20 ppb) and there were no expected solvent effects 

in this configuration; all potential reactions occured only in the gas phase.  

In both configurations the vaporized gas-phase species were introduced to either a DART 

ionization source or an extractive ESI source, and ions were detected with a mass spectrometer 

(Q-Exactive Orbitrap, ThermoFischer, Inc.). The decoupling of ionization from droplet formation 

allowed for a wider array of ionization sources to be used to probe in-droplet reactions. Unlike 

ESI, DART uses metastable helium atoms to ionize molecules and is purely a gas phase ionization 

source.188 Thus, all potential in-droplet reactions in the ionization source were removed so that 

gas-phase processes could be observed directly. To determine if the heated DART stream could 

be driving gas-phase chemical reactions in the experimental setup shown in Figure 5.1b, the DART 

ionization source was replaced with an extractive ESI ionization source. Extractive ESI does not 

use any heated stream and does not introduce any metastable species which could drive potential 

gas-phase reactions. To perform extractive ESI experiments, the outlets of the heaters were 

positioned such that the vaporized aerosol streams would intersect the electrospray plume from a 

nanoESI source (ThermoFischer, Inc.). A 50:50 water:methanol solvent mixture flowing at 1 

μL/min and 3.5 kV potential was applied to the nanoESI source in this configuration. 

 

 

Scheme 5.1. Redox reaction between DCIP and ascorbic acid (AA). The reduced and oxidized chemical species 

are designated with “r” and “o”, respectively. 

 

 

Scheme 5.2. Droplet-induced glucose and phosphoric acid reaction scheme reported by Nam et al.72 
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The experimental setup was used to study two separate chemical reactions: a redox reaction 

between 2,6-dichlorophenolindophenol (DCIP) and ascorbic acid (Scheme 5.1) and 

phosphorylation of sugars by phosphoric acid (Scheme 5.2, shown for glucose). The reaction 

between DCIP and ascorbic acid was studied to confirm that no in-droplet chemistry occurred 

when in the “Reactants in different compartments” configuration (Figure 5.1b). Because redox 

reactions typically need solvent to proceed, the oxidation of DCIP by ascorbic acid provided a 

probe of whether or not all solvent and droplets were eliminated in the mixing region. It also probes 

whether or not condensed-phase reaction in the extractive electrospray droplets (by the uptake of 

gaseous reactants into the ESI droplet) was possible. Three types of mass spectra were acquired: 

1) 4 mM DCIP atomized alone; 2) 4 mM DCIP and 20 mM ascorbic acid atomized separately, but 

mixed in the gas phase; and 3) 2 mM DCIP and 10 mM ascorbic acid atomized together (reactants 

mixed before atomization). All ions were detected in negative mode. 

 In bulk solution the production of sugar phosphates (via reaction with phosphoric acid) is 

thermodynamically unfavorable and kinetically slow. However, it was recently reported that 

reaction proceeded rapidly in ESI droplets.72  The nature of this observed rate enhancement was 

further studied using the new setup described in this chapter. To initiate chemistry, 12.5 mM 

phosphoric acid and 12.5 mM sugar (glucose, ribose or fructose) were mixed in different 

configurations: 1) reactants were atomized individually (i.e. not mixed); 2) reactants were 

atomized together (reactants mixed before atomization, shown in Figure 5.1a); and 3) reactants 

were atomized separately and mixed in the gas phase (shown in Figure 5.1b). All ions were 

detected in positive mode. 

For comparison, the phosphorylation reaction was also conducted in droplets generated 

from an ESI source. A home built ESI source was constructed both to compare to our new 

atomizer-based approach and to replicate previous results.72 The ESI source used here is based off 

one that has been previously described.187 The source consisted of two coaxial capillaries: a fused 

silica capillary (i.d. 250 µm) inserted into a stainless steel capillary (i.d. ~500 µm). To generate 

charged droplets, a 5 kV potential was placed on the solution, and a syringe pump was used to 

pump liquid through the fused silica capillary at rate of 0.8 mL/hr. Nitrogen gas (80 psig) was 

passed through the stainless steel tubing to create a nebulizing spray. To run experiments, the 

ionization source was placed ~5 cm from the inlet of the mass spectrometer. Three types of mass 

spectra were collected: 12.5 mM glucose alone, 12.5 mM phosphoric acid alone, and 12.5 mM 

glucose and phosphoric acid mixed together. All ions were detected in positive mode. 

 

III. Results and Discussion: 

 

a. Reaction between DCIP and ascorbic acid: The redox reaction between DCIP and ascorbic 

acid occurs only in the condensed phase. A previous study by Lee et al. using droplet fusion from 

two ESI sources reported the redox reaction rate was enhanced by a factor of ~1000 in 13±6 μm 

droplets. Based on a kinetic analysis, the reaction was reported to cease when droplets entered the 

inlet of the mass spectrometer.68 Other studies have used this observation by Lee et al. to justify 

the assumption that aqueous phase reactions stop when the reactants enter the gas phase.72,73 To 

confirm this assumption and ensure no unexpected in-droplet reaction was possible in the 

“Reactants in separate compartments” configuration described here (Figure 5.1b), DCIP and 

ascorbic acid were mixed in the gas phase and mass spectra were collected. Two separate 

ionization sources were used in negative ionization mode: DART (Figure 5.2) and extractive ESI 

(Appendix A, Figure A.1). Oxidation of DCIP by ascorbic acid shifts the molecular weight of 
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DCIP by two mass units.189 This shift is clearly visible by comparing the mass spectra of DCIP 

and ascorbic acid mixed in the same compartment (Figures 5.2a and A.1a) with those of DCIP 

alone (Figures 5.2c and A.1c). In both ionization sources, the mass spectrum of DCIP and ascorbic 

acid mixed in the gas phase is identical to that of DCIP alone. Because there are no observed 

reaction products when DCIP and ascorbic acid are mixed in the ionization source, there is no 

potential for in-droplet reaction in the experimental setup shown in Figure 5.1b for either of the 

ionization sources, DART or extractive ESI. 

 

b. Reaction between sugars and phosphoric acid: To provide a point of comparison, the 

experiments reporting in-droplet reaction between glucose and phosphoric acid using ESI source 

were replicated. In the previous report, a new ion at m/z 261.03 was observed when the two 

reactants were mixed and sprayed together. This new ion has the same molecular weight as glucose 

phosphate and was assigned as such after performing a simple kinetic study by changing the 

distance between the ESI source and the mass spectrometer inlet.72 Using the homebuilt ESI source 

describe in the “Experimental Methods” section, glucose and phosphoric acid were sprayed and 

 
 

Figure 5.2. Oxidation of DCIP by ascorbic acid (AA) with DART ionization source. a) DCIP and ascorbic acid 

mixed before atomization (blue line). b) DCIP and ascorbic acid mixed in the gas phase within the DART 

ionization region (red line). c) DCIP alone (black line). The distribution of peaks is due to the different isotopes 

of chlorine. “r” is used to designate a peak attributed to reduced DCIP and “o” is used to designate a peak attributed 

to oxidized DCIP. 
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ionized together and the same new ion at m/z 261 was observed (Appendix A, Figure A.2). Thus, 

our experimental setup was sensitive to the same chemistry as was probed previously. 

The atomizer setup described in the “Experimental Methods” section was used both to 

study the phosphorylation reaction of glucose in uncharged droplets and to control for gas-phase 

processes. Shown in Figure 5.3a are reference mass spectra of each reactant: glucose and 

phosphoric acid.  The mass spectrum of glucose is consistent with what has been previously 

observed using DART ionization.190 The largest ion (m/z 198.09) is a cluster between glucose and 

an ammonium ion, and the smaller fragments originate from successive H2O loss. The main peaks 

in the phosphoric acid mass spectrum are assigned to the protonated monomer (m/z 98.98) and 

dimer (m/z 196.96) of phosphoric acid. No product ion at m/z = 261.03 was observed when each 

of the reactants were introduced separately into the ionization source. 

 
 

Figure 5.3. a) DART mass spectra of 12.5 mM glucose solution (black line), 12.5 mM phosphoric acid solution 

(red line), and 12.5 mM glucose and phosphoric acid mixed within the gas phase (separate compartments, Figure 

5.1b). b) Comparison of product ion formation (m/z 261.03) when glucose and phosphoric acid are mixed in the 

same compartment (red line) and when kept in separate compartments but mixed in the gas phase (black line). 

Mass spectra are normalized to phosphoric acid peak intensity (m/z 98.98). 
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To study the reaction in uncharged droplets, the setup shown in Figure 1a was used, and 

glucose and phosphoric acid were atomized together. When the reactants were in the same 

compartment, a new ion was observed at m/z 261.03 (Figure 5.3b). This observation is consistent 

with ESI experiments and previously reported glucose phosphate production.72 Although the mass 

spectra suggested that the phosphorylation reaction proceeded similarly in uncharged droplets as 

charged droplets produced by ESI, the "reactants in the same compartment" configuration alone 

could not clarify whether the new ion at m/z 261.03 originated from in-droplet chemistry or gas-

phase processes.  

To examine potential gas-phase processes, we used the setup shown in Figure 5.1b and 

mixed the sugar and phosphoric acid as gas phase species within the ionization source. In this 

arrangement, the reactants never resided together in same compartment. In this configuration, the 

same new ion (m/z 261.03) was observed (Figures 5.3a and 5.3b). The new ion was only present 

when both gaseous phosphoric acid and glucose are present in the ionization source (Appendix A, 

Figure A.3). These observations suggest that in-droplet chemistry or compartmentalization is not 

necessary for its formation. To assess whether metastable helium atoms or other ions (e.g. 

hydronium ion) produced by the DART ionization source could be driving the gas-phase reaction, 

a second ionization source (extractive ESI) was used to probe potential gas-phase processes. The 

 
Figure 5.4. Collision induced dissociation spectrum of m/z 261.03 (potential reaction product) produced from: a) 

reaction in the ESI source (blue line); b) separate flows of glucose and phosphoric acid mixing as gas phase 

reagents in the ionization source as depicted in Figure 5.1b (red line); and c) glucose and phosphoric acid reactants 

in the same compartment as depicted in Figure 5.1a (black line). The CID spectra from the ESI source, separate 

compartments, and same compartments (blue, red, and black lines) look identical, suggesting similar structures. 
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same new ion (m/z 261.03) was observed with the extractive ESI source (Appendix A, Figure A.4), 

suggesting its formation in the gas phase is not driven by heated DART stream. 

Collision induced dissociation (CID) can provide structural insight of trapped ions by 

looking at the fragmentation pattern. In a typical CID scan, a trapped ion is accelerated by an 

electric potential and allowed to collide with neutral molecules (nitrogen gas). A mass spectrum 

of the fragments is then collected. The CID spectra of the ion of m/z = 261.03 generated in each 

experimental configuration (i.e. ESI, reactants in same compartment, and reactants in different 

compartments) looked identical (Figure 5.4). Thus, it is not possible to unambiguously attribute 

the formation of the peak at m/z = 261.03 to in-droplet reactions—as the ion can clearly be formed 

by gas phase chemistry alone. A similar series of experiments were conducted for the 

phosphorylation of ribose and fructose by phosphoric acid (Appendix A, Figures A.5 and A.6) 

yielding nearly similar results and conclusions as for the glucose reaction. 

 

IV. Conclusion: 

 

 In this chapter, a new approach to study the compartmentalization of chemical reactions 

has been presented. By separating droplet generation from ionization, this setup has at least two 

distinct advantages over previous ESI droplet sources: 1) reactants in separate compartments can 

be introduced to the ionization region simultaneously, and 2) the uncharged droplets can be treated 

before ionization to distinguish between the multiple sources of rate enhancement. Introducing 

reactants to the ionization source in separate compartments serves as a control to ensure that new 

peaks attributed to in-droplet reaction products are derived solely from in-droplet reactions rather 

than gas-phase ion clustering, ion-molecule reactions or reactions in the heated inlet to the mass 

spectrometer. With this additional control, we have demonstrated that ions previously attributed 

to in-droplet products from reaction between sugars and phosphoric acid can also originate from 

gas-phase chemistry. We have also demonstrated that other reactions which have shown rate 

enhancements in droplets (such as the oxidation of DCIP by ascorbic acid) can only occur in 

droplets, suggesting some reactions stop when reactants enter the gas phase (Figures 5.2 and 5.3), 

further demonstrating the utility of this technique as a method to evaluate the role of in-droplet 

and gas-phase chemistry in observed accelerations.68 

 Additionally, because the method reported here uses uncharged, atomized droplets, this 

new approach could be used to independently study rate enhancement from interfacial and 

concentration effects for systems that show unambiguous rate enhancement in droplets. Interfacial 

effects could be studied by changing the surface area to volume ratio of the droplets via size 

selection (e.g. through use of a differential mobility analyzer as described in Chapter 3), and 

concentration effects could be studied by controlling for evaporation with the addition of an inert 

substance to change solvent activity (e.g. addition of an inert salt as previously demonstrated).88 

Going forward, the underlying mechanisms explaining enhanced rates in micro-compartments can 

only be elucidated with more controlled experimentation and moving away from ESI-based 

measurements. 
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Chapter 6: Exploring Chemistry in Micro-Compartments via the Merging of 

Droplets and Single Droplet Mass Spectrometry in a Branched Quadrupole 

Trap 
 

The content and figures of this chapter are reprinted or adapted with permission from Jacobs, M. I.; 

Davies, J. F.; Lee, L.; Davis, R. D.; Houle, F..; Wilson, K. R., “Exploring chemistry in micro-

compartments via the merging of droplets and single droplet mass spectrometry in a branched 

quadrupole trap” Anal. Chem., 2017, DOI: 10.1021/acs.analchem.7b03704 
 

I. Introduction: 

 

 Chemical reactions in micron-sized compartments are ubiquitous in nature, occurring in 

cells, mineral pores, and atmospheric aerosols. Several recent studies suggest that reactions in 

confined spaces occur at enhanced rates that can be several orders of magnitude faster than those 

in bulk solution.10,67,68,70,76,77,191 Although the underlying mechanism remains unclear, three main 

factors are thought to contribute—increased concentrations due to solvent evaporation, surface 

acidity (i.e. charge), and interfacial adsorption.65 Many studies reporting enhanced rates of reaction 

have used an electrospray source to generate an aerosol plume.67,70,76,77,191 As discussed in the 

previous chapter, electrospray sources produce highly charged and rapidly evaporating droplets, 

which could lead to increasing reactant concentrations, significant pH variability compared to the 

bulk (due to solvent oxidation by the charges in the droplets), and complex ion-ion and ion-solvent 

interactions. Further, the droplet plume exhibits a high surface area relative to the bulk volume, 

thus enhancing the role of interfacial adsorption could play in perturbing chemical kinetics.65 An 

increase in the surface to volume ratio of the droplets increases the relative importance of reaction 

at the interface and has been found to increase the reaction rate, suggesting the droplet surface 

could play a major role in the observed rate acceleration.10 As discussed in the previous chapter, 

the multiple potential sources or rate enhancements in droplets are difficult to decouple using 

electrospray based techniques alone. 

 One major obstacle to overcome is the polydispersity of most droplet sources. 

Polydispersity limits the control of both the size distribution and time evolution of reactant 

concentrations.67,68,70,76,77,191 As an example, Figure 6.1a shows evaporation of two differently-

sized, pure water droplets (1- and 2-μm radius) into a 50% relative humidity (RH) atmosphere. 

Evaporation rates and sizes of droplets were calculated using the model described by Kulmala et 

al.192 Because mass flux from a droplet is proportional to droplet radius, differently-sized droplets 

will evaporate at different rates and the time evolution of their reactant concentrations will differ. 

As water evaporates and the droplet shrinks, the concentration of less volatile components left 

behind increases. Figure 6.1b shows the factor by which a non-volatile components concentration 

would increase for the two droplets (1- and 2-μm radius evaporating into 50% RH). The 

concentration of a non-volatile species increases much more rapidly in smaller droplets than in 

larger droplets. Thus, polydispersity further confounds the potential sources of rate enhancement 

in droplets because observed rate enhancements that could be derived from increasing reactant 

concentration can be changed with differently-sized starting droplets.  

 Polydispersity can be addressed by a number of different approaches. As discussed in the 

preceding chapter, by separating ionization from droplet generation, size selection can be 

performed. The experimental setup for size-selected measurements is discussed and shown in 

Chapter 3. Additionally, microfluidic devices capable of generating a monodisperse droplet 
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distribution have been used to study rate enhancements in microdroplet emulsions.10 However, it 

remains unclear if the rate enhancing properties attributed to the oil-water interface of microfluidic 

devices are general to the air-water interface. Another means of ensuring a monodisperse size is 

by limiting a study to a single droplet. The contactless confinement of single, micron-sized droplets 

has been established as a powerful method for probing the physical and chemical properties of 

liquids and heterogeneous interfaces.193 For example, aerosol optical tweezers (AOT) have been 

used to measure the surface tension, viscosity and hygroscopicity of a wide variety of aqueous 

samples, while electrodynamic balance (EDB) methods have allowed rapid mass transport and 

transformation processes to be interrogated.193 AOT provide powerful, real-time characterization 

of droplets via the morphology dependent resonances that appear in the Raman spectrum of the 

droplet induced by the trapping laser. Also, a holographic optical trap can manipulate arrays of 

droplets, and bring selected droplets into contact when desired. All droplets confined in a AOT 

can be fully characterized using cavity enhanced Raman spectroscopy to determine their size to 

nanometer accuracy before they are mixed together.194 EDB’s are extremely versatile techniques 

and offer advantages over AOT methods due to the facile introduction of single droplets into the 

confinement region and the ability to trap particles that strongly absorb laser light. EDB’s can trap 

a larger range of droplet sizes than AOT (from 100s of nanometers195 to 100 µm diameter for 

EDB’s193 compared with <10 µm for AOT194). A wide range of electrode configurations have been 

developed (e.g. double ring, cylindrical, quadrupole) to facilitate a broad range of measurements, 

including the study of Mie scattering,196 hygroscopicity and phase transitions,197,198 heterogeneous 

chemistry,199,200 ice nucleation,201–203 and mass transport from droplets.8,204 In these measurements, 

compositional changes in confined particles are typically the result of interfacial processes, such 

 
Figure 6.1. a) Simulated evaporation from pure water droplets with initial radii of 1 and 2 μm (black and red 

lines, respectively) into a 50% RH atmosphere. b) Time evolution of concentration enhancement of a non-

volatile component in an evaporating droplet with a 1- and 2-μm initial radius. Concentrations increase faster in 

smaller droplets due to evaporation. 
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as mass transport (evaporation and/or condensation of semi-volatile and volatile material) or 

chemical changes due to reactive gas uptake. This makes bulk initiated chemistry difficult to study 

in conventional EDB configurations because it is hard to initiate a reaction cleanly at a well-

defined time in a single droplet with no external reactant source. 

The optical probes, such as Raman spectroscopy, that are typically used to characterize 

droplets in an EDB or AOT are limited to functional group information and cannot provide 

information about the exact chemical composition of the droplet as it undergoes reactive 

transformations.193 As evident from previous rate enhancement measurements,67,68,70,76,77,191 mass 

spectrometry of droplets can provide quantitative chemical information, but studies characterizing 

single droplets with mass spectrometry are limited. Previously, free-falling droplets have been 

ionized directly by impaction on a highly charged needle, forming a spray that is directed toward 

a mass spectrometer.205 Several studies have performed mass spectrometry on single, levitated 

droplets in an acoustic trap (which uses ultrasonic waves to confine particles) coupled to a laser 

desorption206,207 or a direct analysis in real time (DART) ionization source.87 However, because of 

the strong electric fields in EDB’s and the small size of the trapped droplet, non-destructive mass 

spectrometry is difficult (i.e. particles need to be removed from the trap and ionized completely). 

Previous work has shown droplets can be ejected from a double ring electrode, deposited onto a 

matrix and ionized using matrix assisted laser desorption ionization.208 However, the delay 

between deposition and detection is not ideal for real time reaction monitoring, and direct 

ionization of droplets as they exit the EDB is preferred. Recent work has quantified evaporation 

from microdroplets by ejecting single droplets from a double ring electrode, vaporizing them on a 

heated platform and ionizing the components using a corona discharge.209    

In order to further explore chemical transformations in micron-sized compartments, a new 

EDB electrode arrangement—the branched quadrupole trap (BQT)—that is capable of merging 

confined droplets is presented here. Merged droplets have previously been trapped using a tandem 

electrodynamic trap and observed spectroscopically.210 The BQT allows for rapid changes in 

composition via droplet coalescence (enabling the study of bulk initiated processes) and allows for 

the ejection of single droplets into an ionization source for mass spectral analysis (enabling 

chemical characterization of droplets). By coupling droplet confinement techniques with high 

resolution mass spectrometry, it is possible to measure condensed phase chemical kinetics in 

micro-compartments under well-defined conditions. Due to the droplet size range over which EDB 

methods operate (1 – 10’s µm) and their ability to control droplet composition by changing 

environmental conditions, they represent a unique platform to study chemical reactions in a 

potentially interesting droplet size regime. In this chapter, the mixing times of merged droplets is 

characterized and the BQT is used to probe chemical processes in droplets using both fluorescence 

spectroscopy and single droplet paper spray (PS) mass spectrometry.  

 

II. Experimental Methods: 

 

a. Branched Quadrupole Trap Design: A linear quadrupole EDB allows arrays of droplets to be 

confined along the axis of four rods, as has been discussed previously.195,211 In order to facilitate 

merging of different droplet populations, the branched quadrupole trap (BQT) design was 

developed (shown in Figure 6.2). Aqueous droplets were generated using a piezoelectric dispenser 

with a 50 μm orifice (Microfab, Inc.) and were introduced into the top of the BQT along the linear 

axis. During actuation of the dispenser, high voltage (typically <1 kV) was applied to an induction 

electrode to induce a net charge on the droplet allowing it to become confined within the electric 
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field of the BQT. Charge was measured by depositing 25-μm radius water droplets onto a Faraday 

cup at different rates and measuring the current with a picoammeter (Keithley 6487). The measured 

currents at different rates are shown in Figure 6.3a, and the measured charges at different induction 

voltages are shown in Figure 6.3b.  Droplets typically had a net charge on the order of 10-14 to 10-

13 C (~106-7 elementary charges),212 which meant surface charge densities here were ~100 times 

smaller than those found in electrospray droplets.213 The BQT consisted of four stainless steel 

trapping electrodes arranged in a quadrupole configuration. An alternating voltage (Vac) with an 

amplitude of 300-500 V and frequency of 200-400 Hz was applied to the trapping electrodes to 

confine the charged droplets axially along the rods.  

A set of branching electrodes that extend off the linear trap at a 60° angle allowed two 

separate droplet dispensers to be used concurrently or simultaneously. By using two different 

solutions in each of the dispensers, chemistry could be initiated when droplets from each of the 

dispensers collided. Droplets dispensed from both the vertical dispenser and branch dispenser 

travelled ~12 cm before they entered the common, lower portion of the trap. Droplets were held 

in the lower trap using a set of balancing electrodes that consisted of stainless steel blades 

extending symmetrically between the rods toward the center of the quadrupole trap. By applying 

a static voltage (up to ±500 V) to these electrodes, the gravitational force acting on the droplet 

could be overcome, leading to contactless levitation of the droplet.  

 
Figure 6.2. Schematic of the BQT. Different solutions necessary for a chemical reaction can be dispensed from 

the two droplet dispensers. Thus, when the droplets from each of the dispensers coalesce, a chemical reaction in 

the merged, trapped droplet can be initiated. The chamber that houses the BQT setup and the optics used to collect 

and collimate the light for the camera and PMT are not shown. An example of the far field image of elastically 

scattered light used to determine the size of the trapped droplet is shown.  
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Once confined within the trap, droplets were illuminated with a 532-nm laser (Changchun 

New Industries Optoelectronic Tech.) introduced axially. Scattered light from the laser was 

collected (using an optical scheme that has been previously reported)214 and imaged in the far field 

with a CMOS camera (Thorlabs, Inc.) using a 532-nm line pass filter. The far field image served 

two purposes: droplet positioning and sizing. A feedback loop controlling the voltage applied to 

the balancing electrodes was used to keep the droplet centered in the far field image and stationary 

in the trap. For example, as a droplet evaporated and lost mass, the magnitude of the voltage 

applied to hold the droplet decreased to keep the droplet fixed in space. Additionally, the far field 

image contained interference fringes from Mie scattering with distinct maxima and minima. The 

angular spacing of these fringes, the wavelength of scattered light (532 nm) and the refractive 

 
Figure 6.3. a) Current induced by charged droplets hitting a Faraday cup as a function of droplet rate and induction 

voltage. b) Droplet charge as a function of induction voltage. Charge at each induction voltage was determined 

from the slope of the lines shown in a). 
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index of the droplet (1.36 for the ~3 M LiCl droplets)215 were used with the geometrical optics 

approximation to determine the radius of the droplet.216 An additional 355-nm laser (JDS 

Uniphase) was introduced co-axially with the 532 nm laser and was used to excite fluorescence in 

the confined droplet. 

The BQT was housed within an environmentally controlled chamber and most experiments 

were performed in a high relative humidity (RH ~90 %) atmosphere generated by passing 200-500 

sccm of nitrogen gas through a water bubbler. The RH of the gas was measured with two separate 

RH sensors (Honeywell International, Inc.) located at the inlet and outlet of the chamber. The 

nitrogen flow exerted a downward force on the trapped droplets and facilitated droplet ejection 

into the mass spectrometer when the DC trapping voltage was removed. 

 

b. Merging Droplets in the BQT: In a typical merging experiment, a single droplet was dispensed 

from the side arm dispenser and held in the lower trap. A second droplet from the vertical dispenser 

was generated and merged with the confined droplet. The voltages applied to the induction 

electrodes were set to produce droplets with opposite charge polarity (droplets with the same 

charge polarity stacked on top of one another and did not merge). The initial droplet (from the side 

arm dispenser) had a larger net charge than that from the vertical dispenser. When droplets merged, 

there was a decrease in the overall charge and an increase in the mass of the droplet, which both 

caused the merged droplet to fall lower in the trap. The initial position of the droplet was restored 

by increasing the voltage applied to the balancing electrodes using the voltage feedback loop. 

Droplet size was determined from the fringe separation from Mie scattering in the far field image 

both before and after merging the event. The change in radius with the merging event was used to 

infer the size of the merged droplet. As shown in Figure 6.4, the radii of the triggered and merged 

droplets were very repeatable (±200 nm, 0.7 % relative standard deviation). The size of the held 

droplet was controlled by changing the water activity of the initial solution with a soluble salt 

(~0.4-6 M LiCl) and allowing the droplet to equilibrate with the trap conditions. The size of the 

merging droplet was controlled by changing the shape (i.e., magnitude and duration) of the square 

 
Figure 6.4. Measured droplet radius before and after merging for 45 separate coalescence events (~2 hours of 

operation). Droplets contained ~3 M LiCl. The dashed lines show the average droplet radius. 
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wave electrical pulse used to generate the droplet with the piezoelectric microdispenser.217 As the 

merging droplet diameter increased, its terminal velocity changed from 0.07 to 0.15 m/s for 39 and 

55 µm diameter droplets, respectively. Compared to previously reported droplet merging 

approaches in an EDB,210 the BQT approach did not separate droplet coalescence from 

spectroscopic study. Thus, fast reactions (such as mixing dynamics in droplets) could easily be 

studied using the BQT. 

 Two different methods to study the merging process and the evolving chemical 

composition of droplets were applied. Fluorescent light emitted by the droplet was collected and 

focused onto a photomultiplier tube (PMT, Hamamatsu Photonics) using a plano-convex lens (f/30 

mm). The fluorescence emitted by the droplet was used to quantify mixing times and reaction 

kinetics. A paper spray (PS) ionization source was used for single droplet mass spectrometry 

measurements to detect the products of a reaction.  

 

c. Mixing Times from Droplet Fluorescence: The mixing time in a merged droplet was measured 

to set a baseline for the fastest reactions that could be studied using the BQT. This time was 

measured by quantifying the acid-induced quenching of Rhodamine-B (RhB), a fluorescent dye. 

Fluorescence from a droplet containing 500 µM RhB and LiCl was excited using the 532 nm laser 

and detected with the PMT using a 550 nm long pass filter to remove any elastically scattered 

light.  Fluorescence from the RhB droplet was quenched by merging it with a sulfuric acid droplet 

(2-20% v/v). The decay of fluorescence intensity upon droplet coalescence was measured with the 

PMT (data acquisition rate = 500 kHz). Mixing was studied by: 1) changing the size of the trapped 

droplet and keeping the size of the merging droplet constant; 2) keeping the size of the trapped 

droplet constant and changing the size of the merging droplet; and 3) changing the concentration 

of sulfuric acid in the merging droplet.   

 

d. Reaction Kinetics from Droplet Fluorescence: Fluorescence was used to measure chemical 

kinetics in a single droplet which could be directly compared to those in the bulk solution. The 

chemical reaction between ortho-phthalaldehyde (OPA) and alanine in the presence of 

dithiolthreitol (DTT) yields an isoindole product that fluoresces at ~400-500 nm (Scheme 

6.1).218,219 Solutions of OPA and alanine were prepared in a 3 M LiCl solution that was buffered 

with a 50 mM borate buffer (pH = 9). Alanine solutions had concentrations of 5.3, 10.3, 15.3, 20.8 

and 33.3 mM. OPA and DTT were mixed together (to form a stable adduct)219 and had 

concentrations of 5.3 mM and 7.8 mM, respectively. Fluorescence from merged alanine and OPA 

droplets was excited by the 355 nm laser and measured with the PMT using a 450±20 nm bandpass 

filter to remove elastically scattered laser light. At least 10 trials were used for each reaction 

condition in the droplets. Reaction kinetics measured in droplets were compared to those measured 

in the bulk as described below. 

 
Scheme 6.1. The reaction of ortho-phthalaldehyde (OPA) with a primary amine (alanine) in the presence of a thiol 

group (dithiolthreitol, DTT) yields a fluorescent isoindole compound. 
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To measure reaction kinetics in bulk solution, equal amounts (1 mL) of the same OPA and 

alanine solutions used in droplet experiments were mixed and vigorously stirred in a quartz 

cuvette. The 355 nm laser (attenuated with a neutral density filter) was directed into the cuvette, 

and fluorescence was imaged at 90° after filtering with a bandpass filter (450±20 nm) using a 

CMOS camera (Thorlabs). Images were collected at 10 Hz with a 30 ms exposure. Because 

fluorescence intensity decreased across the path length of the cuvette (due to strong absorption of 

the 355 nm light by the fluorescent product), fluorescence intensity at the front of the cuvette 

(where the laser enters) was tracked over the course of the reaction. The exposure time was chosen 

such that intensity scaled linearly with concentration of expected fluorescent product. Reactions 

in the cuvette were monitored for ~100 s, and each reaction condition was run in triplicate. 

 

e. Single Droplet Paper Spray Mass Spectrometry: By coupling a paper spray (PS) ionization 

source to the exit of the BQT, a new approach to determine how the chemical composition of a 

single droplet changes over the course of a reaction was developed. A schematic of the 

experimental setup is shown in Figure 6.5a. The details of PS mass spectrometry and its 

applications have been previously described.220,221 Here, a PS ionization source was generated by 

cutting a small triangle (~6 mm base, ~10 mm height) from chromatography paper (Whatman 

3MM), passing a solvent through it, and applying a 4-5 kV potential. The tip of the PS was placed 

~2.5 cm from the inlet of the mass spectrometer (Q-Exactive Orbitrap, Thermo Fisher Scientific, 

Inc.). The large electric field at the tip of the paper caused a spray to form that was directed toward 

the mass spectrometer. A 0.8-1.0 mL/hour flow of 1% formic acid solution in methanol through 

the filter paper maintained continuous operation of the PS source. The mass spectrometer was 

operated with a resolution of 17,500 and a maximum ion injection time of 50 ms. 

A 2-cm long piece of ¼” stainless steel tubing was affixed to the exit of the BQT coaxial 

with the trap. The BQT was positioned such that the exit of this tubing was ~1 cm above the tip of 

the PS source. After merging, droplets were held in the trap for a fixed period of time. Following 

a delay, the voltage applied to the balancing electrodes was removed and the droplet fell from the 

trap (typically aided by the flow of humidified nitrogen), impinging on the tip of the PS source. 

The flow of solvent diluted the droplets and pushed the components in the droplet toward the tip 

of the filter paper where they were ionized and sprayed into the mass spectrometer. Compared to 

electrospray techniques with droplets,222 the PS source slowed down the ionization event and 

ensured the entire droplet was sampled. Figure 6.5b shows a mass spectrum that was collected 

from a single, 50-µm diameter droplet of 0.2% citric acid (~0.6 ng of citric acid total). Due to its 

low vapor pressure and previous use in our lab,24 citric acid was used to benchmark the sensitivity 

and reproducibility of the single droplet PS mass spectrometry technique. The mass spectrometer 

was operated in negative mode and the only peak observed was from deprotonated citric acid ([M-

H]-) at m/z 191. Figure 6.5c shows the time profile of the peak at m/z 191. Each individual spike 

arises from the impact of one droplet on the PS source. The average peak area of these droplets 

has a relative standard deviation of ~15% (likely due to variation in where the droplet impacts the 

PS source). The precision of this method could be improved with the use of an internal standard 

in the droplet.  

 The products of the reaction between OPA and alanine in the absence of LiCl were studied 

using single droplet PS mass spectrometry. Because the large amount of LiCl that was used in the 

fluorescence experiments significantly diminishes the ionization efficiency of the organic species 

by the PS source, LiCl was not added for the single droplet mass spectrometry experiments. 

Solutions of 10.7 mM OPA with 21.4 mM DTT and 30.0 mM alanine were prepared in a 50 mM 
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Figure 6.5. a) Schematic of the BQT/PS mass spectrometry interface. b) Mass spectrum from a single 50-µm 

diameter, 0.2% (w/v) citric acid droplet. c) Selected ion chromatogram of citric acid droplets. Each spike in the 

chromatogram represents one 50-µm, 0.2% citric acid droplet impacting the PS source. 
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borate buffer (pH ~ 9). The mass spectrometer was operated in positive ion mode to study both the 

components of pure, unreacted OPA and alanine droplets as well as merged, reacted droplets. 

 

III. Results and Discussion: 

 

In order to facilitate an understanding of the observed reaction kinetics in droplets, the 

mixing times that were observed in merged droplets and the experimental parameters that control 

them are first described. Then, both kinetic and product analyses of the reaction between OPA and 

alanine in droplets are presented. Reaction kinetics measured with fluorescence imaging are 

reported in Section III.b. The OPA/alanine reaction products that were observed with single droplet 

PS mass spectrometry are presented in Section III.c. 

 

a. Mixing Times in Merged Droplets: The fastest reaction kinetics that can be measured in a 

well-mixed droplet following coalescence is dependent on the timescale for mixing in the merged 

droplet. Here, the time it takes for a merged droplet to mix completely was measured by 

quantifying the quenching rate of a fluorescent dye. RhB fluorescence was quenched by a change 

in pH of solution; at low pH fluorescence was quenched almost entirely (Appendix A, Figure A.7). 

Figure 6.6a shows examples of how the fluorescence from differently sized RhB droplets (500 

µM) is quenched when they merge with 20% (v/v) sulfuric acid droplets of a constant diameter 

(38±3 µm). The initial rise in fluorescence intensity was caused by an increase in the cross 

sectional area of the droplet illuminated by the laser. As a coalesced droplet relaxed from initially 

dumbbell-shaped to spherical, its cross sectional area changed, causing the observed fluorescence 

intensity to oscillate. A similar effect was observed (and has been reported previously223) in 

elastically scattered light (see Appendix B). The angular frequency and damping of this oscillation 

is related to the surface tension and viscosity of the merged droplet, respectively.223 Droplets 

typically relaxed to a spherical shape after ~200 µs. The fluorescence transients were fit to the 

following piecewise exponential decay function to extract mixing times: 

 

 𝐼 =  {
𝑎 + 𝑏,                         𝑡 < 𝑐

𝑎 ∙ e−(𝑡−𝑐)/𝑑 + 𝑏,    𝑡 ≥ 𝑐
 , (6.1) 

 

where a is the quenched fluorescence intensity, b is the fluorescence intensity post-quenching, c 

is the time delay between data collection and droplet merging, and d is the mixing time. The red 

lines shown in Figure 6.6a are the fits of Eq. 6.1 to the fluorescence transients. Because the 

lifetimes of surface oscillations were typically shorter than the observed mixing times and their 

magnitude was less than the change due to quenching, surface oscillations were not explicitly 

considered in Eq. 6.1. 

 To better understand the observed mixing times, they are compared to the timescales for 

molecular diffusion, viscous diffusion, and bulk convection. The characteristic time for molecular 

diffusion (τDiff) is: 

 

 𝜏𝐷𝑖𝑓𝑓 ~
𝐿𝑐ℎ

    2

𝐷
.  (6.2)  

 

This is the time needed for a molecule to diffuse one characteristic length (Lch) in a fluid with mass 

diffusivity D. For RhB in water, D is 4.2±0.3 x 10-10 m2 s-1.224 Lch for the merged droplet is 

calculated from the held (Dheld) and merging (Dmerge) droplet diameters as follows:225 
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 𝐿𝑐ℎ =
2𝐷ℎ𝑒𝑙𝑑𝐷𝑚𝑒𝑟𝑔𝑒

𝐷ℎ𝑒𝑙𝑑+𝐷𝑚𝑒𝑟𝑔𝑒
. (6.3) 

 

For the droplet conditions here, the time for molecular diffusion is typically ~1-10 s.   

 The viscous diffusion timescale (τVisc)—which represents the time required for momentum 

to diffuse one characteristic length scale in a fluid with kinematic viscosity ν—is: 

 

 𝜏𝑉𝑖𝑠𝑐~
𝐿𝑐ℎ

    2

𝜈
. (6.4) 

 

For a ~3 M LiCl solution, ν is 1.4 x 10-6 m2 s-1.226 For the droplet conditions here, viscous diffusion 

is typically 1-10 ms. 

 Finally, the bulk convection timescale (τConv) is the time required for material to traverse 

one characteristic length at a rate equal to the relative droplet velocity (Urel): 

 

 𝜏𝐶𝑜𝑛𝑣~
𝐿𝑐ℎ

𝑈𝑟𝑒𝑙
. (6.5) 

 
Figure 6.6. a) Fluorescent quenching of differently sized RhB droplets with the coalescence of a 38±3 µm, 20% 

(v/v) sulfuric acid droplet. The fluorescence intensity measured with the PMT (black line) was fit to Eq. 6.1 to 

extract a mixing time. The fit to the data is shown by the red line. The data shown have mixing times of 

0.191±0.006, 1.82±0.03 and 4.93±0.06 ms for the 20, 48, and 65 µm RhB droplets, respectively. b) Mixing times 

for experiments where the merging droplet diameter (sulfuric acid) was kept constant (38±3 µm) and the held 

droplet diameter (RhB) was varied. The viscous diffusion and bulk convection times are shown in red and blue, 

respectively. The molecular diffusion times are too long to show on this scale. The experimental mixing times 

scale with the volume of the held droplet. c) Mixing times for experiments where the merging droplet diameter 

(sulfuric acid) was increased and the held droplet diameter (RhB) was kept constant (56±2 µm). As the diameter 

of the merging droplet increased, the mixing time decreased. 
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The relative velocity of the collision was calculated from the terminal velocity of the merging 

droplet (0.07-0.15 m/s). As the merging droplet approached the balancing electrode, its velocity 

increased slightly due to Coulombic attraction. The effect of the balancing electrode on the velocity 

of the merging electrode was investigated by imaging droplets in the near field as they approach 

the electrode. Typical merging droplet conditions were applied (i.e. the voltage applied to the 

induction electrode was set such that falling droplets would be attracted to both a held droplet and 

the balancing electrode), and droplets were dispensed at 100 Hz without a held droplet in the trap. 

The droplets were illuminated using the 532 nm laser and imaged with a CMOS camera with a 1 

ms exposure. The velocity of the droplets visually increased when the voltage applied to the 

balancing electrode increased. The length of a droplet streak in the images collected by the camera 

was used to determine how the velocity of the falling droplet changes as larger voltages were 

applied. As shown in Figure 6.7, the length of the streak (and velocity of the droplet) increased by 

30 and 60% (compared to free fall) when 250 and 500 V were applied to the balancing electrode, 

respectively. Experiments typically apply ~100 V to the balancing electrode to hold a droplet 

before merging. Thus, the speed of the merging droplet is not expected to increase considerably 

(~10%) due to the attraction toward the balancing electrode. Additionally, the charge on the droplet 

(~10-13 C) was not large enough to affect the speed of collision. Thus, the terminal velocity of the 

merging droplet is a good measure of the speed of collision in the experiments reported here. From 

the calculated terminal velocity, the bulk convection time is typically ~200-600 µs. Carroll and 

Hidrovo previously demonstrated that as the inertia of the collision event increases, the observed 

mixing time is shortened toward the bulk convection timescale.225  

 
Figure 6.7. Droplets imaged with a 1 ms exposure as they approach the balancing electrode set to different 

potentials (0, 250 and 500 V). As the potential on the electrode increased, the Coulombic attraction was greater 

and the droplet traveled faster, leading to longer streaks. Based on the lengths of the streaks, the velocity of the 

droplets approaching the balancing electrode with 250 and 500 V applied were 30% and 60% faster than droplets 

falling at terminal velocity (i.e. no potential applied to balancing electrode). 
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 Figure 6.6b shows the measured mixing times when the size of the held droplet is changed 

and the diameter of the merging droplet is held constant (Dmerge = 38±3 µm). As the size of the 

held droplet decreases, the observed mixing time decreases toward the convection mixing time. A 

log-log plot of initial droplet diameter vs. mixing time had a slope of 3.2±0.2, implying that the 

mixing rate in this experiment scales with the volume of the held droplet.  

 Figure 6.6c shows the mixing times when the size of the held droplet is constant (Dheld = 

56±2 µm) and the diameter of the merging droplet is changed. As the diameter of the merging 

droplet increased, the diameter of the merged droplet increased (which caused the viscous 

diffusion time to increase), and the terminal velocity of the merging droplet increased (which 

caused the bulk convection time to decrease). The experimental data show that mixing times 

decrease with increasing merging diameter. This is likely due to the increasing energy and inertia 

of the collision.225 If the inertia of the collision were to continue to increase, the mixing time is 

predicted to follow the bulk convection time.225 Finally, when the concentration of sulfuric acid 

was changed (and the held/merging droplet diameters are kept constant), the mixing times do not 

change (Figure 6.8). This suggests that the observed mixing times were controlled by the size of 

droplets and velocity of collisions, and were not due to the concentration of reagents in the in the 

droplets. 

 The observed mixing times reported here (reliably down to ~400 µs) are very similar to 

those reported in free-droplet collision experiments (i.e. colliding droplets are not confined within 

an electrodynamic balance).227 They are also similar to those observed in conventional stopped 

flow kinetics measurements (~2 ms),228 but slower than those achieved in miniaturized continuous 

flow methods such as theta capillary electrospray (mixing time ~1 µs)229 and microfluidic channels 

(mixing time ~15 µs).228 Work by Lee et al. colliding a plume of high speed (80 m/s) 13-µm 

droplets reported mixing times of a couple of microseconds.68 The mixing times in the BQT allow 

for the study of reactions with a bimolecular rate constant of up to ~104-105 M-1 s-1. As shown, 

faster mixing times could be achieved by either using smaller droplets or increasing the velocity 

 
Figure 6.8. Mixing times in the coalesced droplets were measured as a function of acid concentration in the 

merging droplet. The held RhB droplet had a constant diameter of 55±2 µm, and the merging sulfuric acid droplet 

had a constant diameter of 42±3 µs. The experimental mixing time was found to be invariable with concentration 

of acid. 
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of the collision. The latter could be accomplished either electrostatically (e.g. apply a higher 

potential to the balancing electrodes, Figure 6.7) or with a faster flow of gas through the trap.  

 

b. Chemical Reactions in Merged Droplets: The reaction between OPA and alanine in the 

presence of DTT (Scheme 6.1) was studied in droplets with the BQT and bulk solution using 

fluorescence spectroscopy. LiCl was added to the solutions to decrease the water activity such that 

evaporation from the droplet was minimized and the conditions in the droplet could be reproduced 

in the bulk. Because the water activity of a 3.0 M LiCl solution is 0.87,230 experiments were 

performed with a RH close to 87%, and the size of the droplet did not change considerably over 

time of the experiment (Appendix A, Figure A.8). In bulk measurements, the volumes of the 

reactant solutions were mixed in a 1:1 ratio, and the initial reactant concentrations were half the 

value of the prepared solutions. In droplets, the initial reactant concentrations were determined 

using the size of the merging droplets (24.3±0.2 µm and 23.0±0.6 µm radius for alanine and OPA, 

respectively). The merged droplet had a radius of 29.9±0.4 µm. While keeping the initial OPA 

concentration constant (~2.6 mM), the rate of fluorescence appearance was measured at various 

alanine concentrations (~2.6, 5.2, 7.7, 10.4 and 16.7 mM). Figure 6.9 shows an example of the 

bulk and droplet fluorescence data that were collected with ~2.6 and ~7.7 mM initial OPA and 

alanine concentrations, respectively. Fluorescent intensity in the droplet appeared at a slightly 

faster rate than in the bulk solution. To quantify the reaction rate constants in the merged droplet 

and bulk solution, the OPA and alanine reaction was simulated and fit to experimental data. 

 When the alanine concentration exceeds the OPA concentration, the final fluorescence 

intensity did not change with increasing amounts of alanine. At these conditions, it was assumed 

that the final concentration of the fluorescent product was equal to that of the initial OPA 

concentration. Using this scaling, the measured fluorescence intensity was converted to 

concentration of fluorescent product. The reaction between OPA and alanine has previously been 

 
Figure 6.9. Fluorescence (450±20 nm) generated from the reaction of OPA with alanine in a droplet with a radius 

of 29.9±0.4 µm (gray line) and in bulk solution (red squares). In the droplet, the initial OPA concentration was 

2.4±0.1 mM and the initial alanine concentration was 8.1±0.4 mM. In bulk solution, the initial concentration of 

OPA was 2.6 mM and the initial concentration of alanine was 7.7 mM. The solid black and red lines are the best-

fit product concentrations from the bimolecular reaction simulation. The average bimolecular rate constant for the 

reaction of alanine with OPA was found to be 84±10 and 67±6 M-1 s-1 in the droplet and bulk, respectively. The 

individual rate constants for the different reaction conditions are tabulated in Table 6.1. 
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shown to follow bimolecular kinetics.218 Thus, to quantify the rate of reaction in bulk and droplets, 

an ordinary differential equations solver was used to simulate a bimolecular reaction with the 

initial reactant concentrations set to experimental values. The bimolecular rate constant in the 

simulation was varied to best match the simulated and experimental product concentrations. The 

same kinetic analysis was used for both bulk and droplet experiments. The solid lines in Figure 

6.9 represent the simulated product concentrations with the optimized rate constant. The average 

bimolecular reaction rate constants in the bulk and droplet were 67±6 and 84±10 M-1 s-1, 

respectively. Uncertainty corresponds to the standard deviation of the rate constants extracted at 

each reaction condition. The individual rate constants extracted at each reactant condition are given 

in Table 6.1. The bimolecular rate constant for the reaction of alanine with OPA in the presence 

of DTT has previously been measured to be 60±4 M-1 s-1,218 which is in good agreement with the 

bulk rate constant reported here.  

 The average rate constant in the 30 µm radius droplet is roughly 25% larger than the rate 

constant in the bulk. When the polarity of the charge on the droplet was reversed (i.e. the merged 

droplet has a net positive charge instead of net negative charge) the kinetics of the reaction were 

unchanged (Appendix A, Figure A.9). This suggests that the small amount of charge on the droplet 

surface did not affect the overall rate of reaction. Because evaporation from the particle was 

minimized with the addition of LiCl, the small observed rate enhancement could originate from an 

enhanced surface to volume ratio in the droplet compared to the bulk. Fallah-Araghi et al. 

previously measured the kinetics of a bimolecular reaction in aqueous droplets in an oil-water 

emulsion. They observed a maximum rate enhancement by factor of ~40 that decreased with 

increasing droplet radius. The observed enhancement was attributed to the increasing surface to 

volume ratio at smaller droplet sizes. A weak adsorption of molecular species to the oil-water 

interface was predicted to change the energetics of the reaction to favor product formation. 

However, a rate enhancement was only observed in emulsions that had a radius smaller than ~20 

µm.10 The merged droplets in this study had a radius of 29.4±0.4 µm, which could indicate that 

the droplets used here were still too large to observe a significant rate enhancement from interfacial 

effects.  

 

c. Single Droplet Mass Spectrometry: The products of the reaction between OPA and alanine 

were studied using the PS ionization source. Figure 6.10a shows mass spectra from a single alanine 

droplet (black line) and OPA solution droplet (red line). Compared to the concurrently developed 

single droplet mass spectrometry method (which uses a corona discharge to ionize the vaporized 

[Alanine] (mM) kbulk (M-1 s-1) kdroplet (M-1 s-1) 

2.6 75.3 76.7 

5.1 71.0 98.5 

7.7 66.0 86.5 

10.4 58.4 85.1 

16.7 64.4 73.9 

Average 67±6 84±10 
 

Table 6.1. Best fit rate constants in the bulk and droplet at different reaction conditions. At each condition, the 

initial concentration of OPA remained the same (2.6 mM in bulk and 2.4±0.1 mM in droplets). The approximate 

initial alanine concentrations are listed. The concentrations used for kinetic modelling are determined by the 

measured dilution factor (i.e. size of initial droplets). 
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droplet components),209 the use of the PS ionization source led to less fragmentation and easier 

identification of reaction products. The alanine spectrum only had one peak at m/z 90, which 

represents the protonated molecular ion. The OPA spectrum had peaks at m/z 135 and 157, which 

were from the protonated OPA molecule and the OPA/Na+ complex, respectively. The peak at m/z 

311 corresponds to the OPA and DTT adduct complexed with a Na+ ion. OPA reacts with thiol 

containing compounds to create a stable 1,3-dihydroisobenzofuran compound that has been 

previously observed.219 Because DTT has two reactive thiol groups, a single DTT molecule can 

react with two OPA molecules. The peak at m/z 445 corresponds to this reaction product 

complexed with a Na+ ion. Figure 6.10a also shows the mass spectrum of a single merged droplet 

after it reacted for 6 s (blue line). Because alanine was in excess in the merged droplet, only the 

intensities of the peaks from OPA-containing species decreased significantly (the alanine peak 

remains a dominant peak). The peaks present at m/z 342 and 476 correspond to the protonated 

isoindole reaction products.218,219 The chemical structures for each of the ions are shown in Table 

6.2. 

  

 

Figure 6.10. a) Mass spectra of single droplets from alanine solution (black line), OPA/DTT solution (red line) 

and merged alanine/OPA droplets after 6 s of reaction (blue line). The new peaks in the products spectrum (m/z 

342 and 476) correspond to the expected fluorescent products. The chemical structures of labeled peaks are given 

in Table 6.2. b) Selected ion chromatograms showing the time response of each peak of interest in the merged 

droplets. The signal to noise ratio for each of these peaks is >100.   
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Ion 

Detected 
Chemical Structure 

Molecular 

Weight (Da) 

90  

[M+H]+ 
 

89 

135 

[M+H]+ 

 

157 

[M+Na]+  

134 

311 

[M+Na]+ 

 

288 

445 

[M+Na]+ 

 

444 

342 

[M+H]+ 

 

341 

476 

[M+H]+ 

 

476 

Table 6.2. Chemical structures of the ions detected in the single droplet PS mass spectrometry experiments. 
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 Figure 6.10b shows a selected ion chromatogram from the ejected merged droplets for each 

of the peaks of interest in the experiment (m/z 90, 311, 342, 445, and 476). Each of the ions showed 

a similar time response, and were only present when a droplet was ejected onto the PS source.  A 

~5 mM aqueous droplet with a radius of 30 µm (similar to the OPA conditions in this experiment) 

has ~0.5 pmol of material (<1 ng). As shown in Figure 6.10b, this resulted in single droplet pulses 

with a signal to noise (S/N) ratio >100. Assuming a S/N ratio of ~10 is necessary to quantify peak 

intensities, a single, ~5-mM droplet with a radius of ~15 µm could easily be detected in the current 

configuration.  

 

IV. Conclusion: 

 

 A branched quadrupole trap was designed and constructed to merge confined droplets. This 

trap enables new measurements of homogeneous chemical reactions in droplets. Through the 

quenching of fluorescence of RhB droplets by sulfuric acid droplets, consistent mixing times as 

short as ~400 µs were obtainable using droplets moving at relative velocities of ~0.1 m/s. As 

predicted by Carroll and Hidrovo,225 mixing experiments in the BQT show that faster mixing times 

are achievable by either decreasing the size of the merging droplets or increasing the speed of the 

collision. With these mixing times, chemical reactions with a bimolecular rate constant up to ~104-

105 M-1 s-1 could be studied in the BQT in its current form. 

 The ability to measure homogeneous chemical reactions in the BQT was demonstrated 

using both fluorescence spectroscopy and single droplet PS mass spectrometry. The reaction of 

OPA with alanine (in the presence of DTT) was found to occur slightly faster (~25%) in a droplet 

with a radius of ~30 µm than in bulk solution. Charge on the droplet and changes in the 

concentration of reactants due to evaporation did not play a significant role in any potential rate 

enhancement in the fluorescence experiments reported here. Thus, the small rate enhancement is 

attributed to the larger surface to volume ratio of the droplet compared to the bulk. Single droplet 

PS mass spectra of reacted droplets following merging showed the expected reaction products. 

Based on the observed signal levels, it is estimated that single droplets with a radius of ~15 µm 

with <100 pg of analyte could be easily detected using PS mass spectrometry.  

 The BQT is new technique that allows for the contactless manipulation and merging of 

micron-sized droplets to initiate chemistry. Fluorescence imaging was used for measuring reaction 

kinetics in droplets and mass spectrometry coupled with a single particle trap was used to identify 

reaction products. Going forward, these developments will allow for rigorous probing of reaction 

kinetics in a variety of samples spanning a wide range of sizes and concentrations. 
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Appendix A: Supporting Figures 

 

I. Supporting figures for “Chapter 5: Studying Chemistry in Micro-Compartments by 

Separating Droplet Generation from Ionization   

    
 

Figure A.1. Oxidation of DCIP by ascorbic acid (AA) with extractive ESI source. a) DCIP and ascorbic acid 

mixed before atomization (blue line). b) DCIP and ascorbic acid mixed in the gas phase and detected using the 

extractive electrospray ionization source (red line). c) DCIP alone (black line). The distribution of peaks is due to 

the different isotopes of chlorine. “r” is used to designate a peak attributed to reduced DCIP and “o” is used to 

designate a peak attributed to oxidized DCIP. 
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Figure A.2. Mass spectrum from the ESI source of glucose and phosphoric acid. The peaks labeled in red were 

from phosphoric acid, and the peaks labeled in black were from glucose. The peaks labeled with blue text were 

only present when glucose and phosphoric acid were combined (i.e. they were not present in the pure phosphoric 

acid or glucose peaks). These two peaks (m/z 261.03 and 279.04) were previously observed by Nam et al. and 

assigned to in-droplet reaction products. Specifically, the peak at m/z 279.04 was previously identified as a cluster 

between glucose and phosphoric acid, and the peak at m/z 261.03 was previously identified as the product, glucose 

phosphate.16  
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Figure A.3. A time profile of relevant masses. The black, red and blue lines represent the dominant ions associated 

with glucose (m/z 198.09), phosphoric acid (m/z 98.98), and the potential reaction product (at m/z = 261.03), 

respectively. Phosphoric acid flow was added and removed from the ionization source, and the ion at m/z 261.03 

was only observed when both phosphoric acid and glucose were present. 
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Figure A.4. a) Extractive ESI mass spectra of 12.5 mM glucose solution (black line), 12.5 mM phosphoric acid 

solution (red line), and 12.5 mM glucose and phosphoric acid mixed within the gas phase (separate compartments, 

Figure 5.1b). b) Comparison of product ion formation (m/z 261.03) when glucose and phosphoric acid were mixed 

in the same compartment (red line), and when they were kept in separate compartments but mixed in the gas phase 

(black line). 
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Figure A.5. a) In-droplet fructose and phosphoric acid reaction scheme proposed by Nam et al.16 b) DART mass 

spectra of 12.5 mM fructose solution (black line), 12.5 mM phosphoric acid solution (red line), and 12.5 mM 

fructose and phosphoric acid mixed within the gas phase (separate compartments). c) Comparison of product ion 

formation (m/z 261.03) when fructose and phosphoric acid were mixed in the same compartment (red line), and 

when they were kept in separate compartments but mixed in the gas phase (black line).  
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Figure A.6. a) In-droplet ribose and phosphoric acid reaction scheme proposed by Nam et al.16 b) DART mass 

spectra of 12.5 mM ribose solution (black line), 12.5 mM phosphoric acid solution (red line), and 12.5 mM ribose 

and phosphoric acid mixed within the gas phase (separate compartments). c) Comparison of product ion formation 

(m/z 231.02) when ribose and phosphoric acid were mixed in the same compartment (red line), and when they 

were kept in separate compartments but mixed in the gas phase (black line). 
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II. Supporting figures for “Chapter 6: Exploring Chemistry in Micro-Compartments via the 

Merging of Droplets and Single Droplet Mass Spectrometry in a Branched Quadrupole Trap 

  

 
Figure A.7. Fluorescence spectra of trapped droplets containing 500 µM RhB before and after merging with a 

20% (v/v) sulfuric acid droplet. The fluorescence intensity drops considerably with the decrease in pH. 

Fluorescence spectra from the droplets were collected using an Ocean Optics QE Pro-Raman spectrometer. 
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Figure A.8. An example of how the measured droplet radius changed over the course of a reaction. At t ≈ 10 s, 

the held and merging droplet coalesced, which initiated the chemical reaction and increased the radius of the 

trapped droplet. The gaps in the measured radius were caused by poorly defined/separated Mie scattering fringes. 
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Figure A.9. The reaction of OPA and alanine in positively and negatively charged trapped droplets. Alanine and 

OPA both had initial concentrations of ~2.6 mM. Because the rate of reaction did not vary with the type of charge 

on the particle, the small amount of charge on the particle does not appear to influence the kinetics of the reaction. 
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Appendix B: Measuring the Surface Tension of Merged Droplets 

 
Both surface tension and viscosity influence the aging behavior of atmospheric aerosol. 

Surface tension directly affects the ability of an aerosol particle to nucleate cloud formation.  Thus, 

surface tension of aerosol represents a significant uncertainty in understanding the effect of aerosol 

on climate.1 Unlike bulk solution, aerosol and droplets have large surface area to volume ratio and 

can exist in supersaturated states in the absence of nucleation sites. Thus, bulk measurements of 

surface tension and viscosity are not always representative of atmospheric aerosol, and droplet-

based probes of these properties are needed. 

When two droplets coalesce, the shape of the merged droplet relaxes from initially 

dumbbell shaped to spherical via damped surface oscillations. The initial large distortion of the 

droplet’s shape can lead to the excitation of many oscillatory surface modes. The damping lifetime 

of a given oscillatory mode (τl) is inversely related to the dynamic viscosity (η) of the droplet: 

 

 𝜏𝑙 =
𝑎2𝜌

(𝑙−1)(2𝑙+1)𝜂
, (B.1) 

 

where a is the droplet radius, ρ is the droplet density, and l is the order of the oscillatory mode. As 

the viscosity of the droplet increases, the oscillations will be damped faster. The angular oscillation 

frequency of a given oscillatory mode (ωl) is related to the surface tension (σ) of the droplet by the 

following: 

 

 𝜔𝑙
2 =

𝑙(𝑙−1)(𝑙+2)𝜎

𝑎3𝜌
 (B.2) 

 

As the viscosity of a droplet increases, it begins to influence the natural oscillation frequencies and 

the measured oscillation frequency (ωl
*) is lower than that predicted by Eq. B.2. It is more 

accurately given by: 

 

 𝜔𝑙
∗ =  √𝜔𝑙

2 − 𝜏𝑙
−2 (B.3) 

 

Thus, the measured oscillation frequencies need to be adjusted prior to calculating the surface 

tensions of droplets.2 By measuring the frequency and relaxation timescales of these oscillatory 

modes, the surface tension and viscosity of a merged droplet can be determined. 

 Several previous studies have used the oscillatory deformations of droplets when they are 

dispensed from a capillary to determine bulk surface tension and viscosity values.3–5 Because 

droplets relax to spherical on the timescale of milliseconds, measurements looking at oscillations 

caused from droplet genesis have been limited to working with sub-saturated droplets with limited 

time to equilibrate with the gas phase. In previous work, Bzdek et al. improved upon these 

measurements by coalescing droplets in an aerosol optical tweezers (AOT). The AOT can optically 

levitate particles (diameter up to ~10 μm) indefinitely and thus, can access supersaturated 

concentrations and allow droplets to equilibrate with the gas phase.  Surface oscillations induced 

by droplet coalescence were measured using both a high speed camera to image the droplet as well 

as the intensity of light scattered off the droplet. Both techniques provided accurate measurements 

of surface tension and viscosity, but the scattered light intensity had faster time response and 

yielded more accurate results.6 Thus, by measuring the backscattered light intensity from merging 
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droplets, the branched quadrupole trap (BQT) can also be used to measure the surface tension of 

droplets.  

The BQT setup to measure surface tension in a coalesced droplet is shown in Figure B.1. 

Briefly, a 532-nm laser was directed axially along the BQT using a 50-50 beamsplitter. Droplets 

were held and merged within the trap as described in Chapter 5. Backscattered light was collected 

through the 50-50 beamsplitter using a bi-convex lens (f = 200 mm). The collected backscattered 

light was passed through a neutral density filter (OD = 3.0) and a 532-nm line pass filter before 

being detected by a photomultiplier tube. The intensity from the PMT was measured at 2.5 MHz 

using an oscilloscope. A Fast Fourier Transform (FFT) of the backscattered data gave the 

frequency of the surface oscillation. To vary the size of the merging droplets, a 50-μm dispenser 

was used to dispense droplets with different initial concentrations of NaCl solution (0.5, 0.8, 1.0, 

2.0, 3.0 M). The relative humidity within the BQT was kept constant (>90%), so water either 

evaporated from or condensed onto the droplet until the water activity in the droplet matched that 

in the gas phase (i.e. until the concentration of NaCl in the droplet was ~2 M,7 Figure B.2). Droplets 

were held separately and allowed to equilibrate to the conditions in the trap before merging. The 

size of the droplets were measured both before and after merging using fringes in the Mie scatter 

as described in Chapter 5. 

Figure B.3a shows examples of backscatter intensity from merging ~2 M NaCl droplets of 

various sizes. As the merged droplet size increases, the frequencies of the surface oscillations 

decrease. Sharp resonances in the backscatter intensity are visible for all of the droplets. The 

voltage applied to the PMT had to be increased to observe the underlying oscillations and the 

resonances saturated the signal. While the exact nature of these resonances is not entirely clear, 

semi-analytical T-matrix calculations of merging droplets in Bzdek, et al. showed similar sharp 

features when modeling backscatter of oscillating droplets.6 Figure B.3b shows an example of FFT 

 
Figure B.1. Schematic of the experimental setup to measure backscattered light from coalescing droplets (PMT = 

Photomultiplier Tube, LPF = Line Pass Filter). 
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of backscattered intensity from a droplet with a 24.4 μm radius (coalescence of two droplets with 

19.4 μm radius). Because the merged droplets in the BQT collided with a measureable velocity, 

the FFT shows many oscillatory modes (up to mode l = 7 in Figure B.3b). This is significantly 

more than are observed in the AOT (where only a primary peak at l = 2 is observable).6 To calculate 

surface tension, Eq. B.2 is linearized by plotting ωl
2 as a function of a-3 for oscillatory mode l = 2 

(Figure B.3c). From the slope of this line and the density of ~2 M NaCl, the surface tension is 

measured to be 81±2 mN m-1 (which is in good agreement with the reported surface tension of 2 

M NaCl, 76 mN m-1).8 Because the PMT was saturating from resonances in the backscatter 

intensity, the relaxation timescales in the surface oscillations was unable to be determined. 

 Surface tension measurements made with the BQT are nearly identical to those of Bzdek 

et al., and have the same benefits (e.g. droplet pre-conditioning and operating in atmospherically 

relevant super saturated states).6 However, the BQT provides access to a different class of droplet; 

due to differences in the trapping force, it has the ability to trap larger droplets (diameter >10 µm) 

than optical traps as well as droplets that might contain optically active components (such as 

secondary organic aerosol).9 Thus, the guided collisions within the BQT provide an alternative 

platform to perform droplet coalescence measurements to extract physical properties of aerosol 

particles and droplets. 

  

 
Figure B.2. Concentration of NaCl as a function of water activity (or RH). The red dot represents the conditions 

where surface tension measurements were made. 
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Figure B.3. a) Backscattered light collected when two 2-M NaCl droplets of various sizes coalesce within the 

BQT (t = 500 μs corresponds with the moment of coalescence). b) FFT of the back scattered light for the merged 

droplet with a 24.4 μm radius. c) Linearization of Eq. A.2 using the l = 2 oscillatory mode at different merged 

droplet radii to extract the surface tension of the ~2 M NaCl droplets. 
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