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ABSTRACT: The heterogeneous reaction of ozone (O3) with 200 nm
squalene nanoparticles is studied using near-edge X-ray absorption fine
structure (NEXAFS) and ultraviolet (UPS) and X-ray photoelectron
spectroscopy (XPS). Photoelectrons are detected from free nanoparticle
beams using a velocity map imaging (VMI) spectrometer capable of
detecting photoelectrons with up to 40 eV of kinetic energy.
Heterogeneous kinetics are quantified using changes in the UPS, XPS,
and NEXAFS spectrum, yielding uptake coefficients for the decay of the
double bonds in squalene of (3.1 ± 0.7) × 10−4, (2.6 ± 0.6) × 10−4, and (2.9 ± 0.7) × 10−4, respectively. When comparing these
values with the uptake coefficient, (1.0 ± 0.2) × 10−3, determined by the molecular decay of squalene measured with aerosol
mass spectrometry, it is found that on average 1.6 ± 0.2 double bonds are removed for each ozone-squalene reactive collision,
suggesting the importance of evaporation of small molecular weight reaction products from the aerosol. From further analysis of
the nanoparticle XPS spectrum, it is found that ozonolysis increases the oxygen-to-carbon (O:C) ratio of the aerosol to 0.43 ±
0.03 and produces 16 ± 4% and 84 ± 4% secondary ozonides and carbonyls, respectively. The methods developed here show
how aerosol photoemission can be used to quantify heterogeneous reaction on free nanoparticles.

I. INTRODUCTION

Aerosol surfaces play a significant role in heterogeneous
chemical reactions in the atmosphere with larger scale impacts
on both human health1 and climate.2 Recent investigations
suggest that secondary organic aerosol (SOA), particles derived
from the condensation of nonvolatile organic gas phase species,
can exist in a semisolid, diffusion-limited state.3,4 Evapora-
tion5−7 and heterogeneous oxidation8−11 studies suggest that
diffusion limitations lead to the formation of interfacial
chemical gradients within aerosol particles. Since heteroge-
neous 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),12 scanning transmission X-ray micros-
copy,13 scanning electron microscopy,14 etc., or methods that
probe loss of gas phase species due to uptake onto surfaces.9,15

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.16 Several
experiments have used ultraviolet photoelectron spectroscopy

(UPS) to study the electronic structure of free nano-
particles.17−22 Additionally, X-ray photoelectron spectroscopy
(XPS) studies have probed free nanoparticles to provide
elemental information on the surface.23−26 Due to instrumental
constraints, XPS has been primarily used to study heteroge-
neous chemistry on thin films or monolayers.27−30 Similarly,
near-edge X-ray absorption fine structure (NEXAFS) measure-
ments have been performed on both free31,32 and deposited
nanoparticles.13,33,34 However, studying aerosol chemistry with
NEXAFS has been limited to probing deposited particles.15

Deposition may alter the physical and chemical properties of
aerosol, motivating the need to study free particles. In this
work, we use a velocity map imaging (VMI) spectrometer that
is capable of detecting photoelectrons with up to 40 eV of
kinetic energy 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).

35 As the single most abundant
component found on human skin (accounting for ∼10% of
surface lipids),36 squalene is the most significant ozone reactive
constituent in indoor environments.37 Because of its reactivity
and relative importance for indoor air quality, several studies
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have measured the kinetics and products of squalene ozonolysis
using either attenuated total reflection infrared spectroscopy
(ATR-IR)38,39 or mass spectrometry.37,40,41 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 the present study, we examine the heterogeneous

ozonolysis of squalene nanoparticles using UPS, XPS, and
NEXAFS techniques. We combine these photoemission
approaches 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. Ultimately, the methods developed here will
directly be applied to studying the surface chemistry of
semisolid, diffusion-limited aerosol particles.

II. EXPERIMENTAL METHODS
II.a. Flow Tube Setup. The heterogeneous ozonolysis of

squalene is performed using a flow tube reactor. Details of the
experimental setup have been described elsewhere,42,43 but a
short description and schematic (Figure 1) are presented here.

Squalene nanoparticles are formed via homogeneous 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 cools, particles nucleate into sizes that are
log-normal in distribution with an average particle size of ∼200
± 40 nm. The particle laden flow is mixed with ozone,
humidified and dry N2, and O2. 2-Methyl-2-butene (2M2B) is
added to the flow as a gas phase ozone tracer. The total flow
rate is kept at 1 L/min, with 0−6 ppm ozone, 30% relative
humidity (RH), 10% oxygen, and 0.5 ppm 2M2B. Particles
react in an atmospheric pressure flow tube reactor (140 cm
length, 2.5 cm i.d.) with an average residence time of ∼37 s.
The decay of the gas phase tracer is monitored with a gas

chromatograph (GC) equipped with a flame ionization detector
(SRI Instruments). Changes to the particle size distribution are
monitored with a scanning mobility particle sizer (SMPS, TSI).
After oxidation, the aerosol is sampled into either a vacuum

ultraviolet aerosol mass spectrometer (VUV-AMS)44 to
determine particle composition or a VMI spectrometer to
measure particle photoemission.

II.b. VUV-AMS Measurements. The chemical composition
of the aerosol is determined using a home-built tunable vacuum
ultraviolet photoionization aerosol mass spectrometer (VUV-
AMS), previously described.44 Briefly, a collimated particle
beam is generated using an aerodynamic lens. The particles are
vaporized as they impinge on a heated copper block (140 °C).
Vaporized aerosol components are ionized using VUV radiation
and detected in a time-of-flight mass spectrometer. A photon
energy of 9.6 eV is 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).

II.c. X-ray (XPS) and Ultraviolet (UPS) Photoelectron
Spectroscopy. Aerosol photoemission is detected using a
home-built velocity map imaging (VMI) spectrometer. A
schematic of the spectrometer is shown in Figure 2a. Aerosol

particles pass 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.45 A similar
aerodynamic lens configuration has been used extensively in
our lab in both previous VMI and VUV-AMS measure-
ments.17,18,44 The beam of particles passes through two stages
of differential pumping into the interaction region where the
particle and photon beams intersect at 90°. The operating
pressure in the interaction region is ∼10−7 Torr. Residual water
vapor and gas phase organic species in the interaction region
are removed by a liquid nitrogen trap.
The VMI spectrometer consists of three electrodes: repeller,

extractor, and lens. Photoelectrons are produced as the particle
beam intersects synchrotron radiation between the repeller and
extractor electrodes. Voltages are applied to the electrodes to

Figure 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).

Figure 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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achieve “velocity mapping” conditions where all electrons with
the same momentum in the plane of the detector are imaged to
the same point.46 Electrons are accelerated toward a dual
multichannel plate coupled to a fast phosphor screen (both
made by Photonis). The images are 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 (BASEX47 and pBA-
SEX48), the 3-D velocity distribution can be 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 is similar. Image accumulation times are 300−500
s. At each oxidation condition, images are collected in triplicate.
A background image is collected by placing a HEPA particle
filter in line with the flow limiting orifice. The background
image is 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 2b. The

asymmetry in the image is due to the shallow penetration depth
of the VUV radiation.18−20,49 From the refractive index of
squalene, 15 eV light only penetrates ∼6.5 nm into the
nanoparticle.50 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 2b (i.e., shadowing of the
particle).19,49

Figure 2c shows an example of a squalene XPS image.
Compared to the UPS image, the XPS image is more
symmetric. Soft X-rays are expected to 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 emitted C 1s photo-
electrons that makes the technique surface sensitive.
The study of free nanoparticles with XPS is in its infancy,

with only a few publications. Most of the previous studies use
an aerodynamic lens coupled with a hemispherical electron
analyzer, which requires long collection times.23−25 A conven-
tional hemispherical energy analyzer has an acceptance angle of
up to ∼44°51 compared with the 4π collection efficiency of
VMI spectrometers, which allows for an order of magnitude
improvement in collection efficiency. Based on typical aerosol
concentrations (∼2 × 106 particles/cm3 as measured by the
SMPS) and a flow rate of 2.5 cm3/s through the aerodynamic
lens, particles are introduced to the VMI spectrometer at a rate
of 5 × 106 particles/s. Under ideal conditions, the particle beam
is focused to ∼100 μm with particles traveling roughly 150 m/
s.12 The estimated size of the incident X-ray beam from
beamline 6.0.2 is ∼200 × 200 μm. Based on the size of the
interaction region and the speed of the particles, we estimate
there are 6−7 particles in the X-ray interaction region at any
one time. If the particles have a diameter of 200 nm and the
entire cross section is available for probing, then we estimate
that particles only account for ∼(5 × 10−4)% of the interaction
region. The estimated flux at 310 eV is 3 × 1011 photons/s.
Thus, based on the flux and cross-sectional area of the particles
in the interaction region, only ∼2 × 106 photons/s (or ∼0.4

photons/particle) strike the particles. This indicates that
multiple ionization events are unlikely and charging effects
minimal.

II.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 1s → π* double bond
feature), NEXAFS can be used as a probe of functional
groups.52

Partial electron yield (PEY) NEXAFS measurements of free
aerosol particles are collected by measuring the intensity of
secondary electrons. Shown in Figure 3a 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).53 Thus, the intensity of the secondary electrons is
directly related to the absorption cross section of the particle.

Figure 3. (a) Example squalene XPS measurement at 310 eV photon
energy. The low kinetic energy secondary electrons (<10 eV, left of
red line) are used to measure NEXAFS spectra. (b) Squalene carbon K
edge NEXAFS spectrum derived from low kinetic energy secondary
electrons. Selected images of squalene photoemission to demonstrate
differences in secondary electron intensity are shown.
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Carbon and oxygen K edge NEXAFS measurements are
collected by scanning the beamline photon energy from 280 to
300 eV and 528−556 eV, respectively. The energy step-size for
both carbon and oxygen K edge NEXAFS spectra is 0.2 eV. At
each energy, images are collected for 10 s. A PEY NEXAFS
spectrum is obtained by summing over the center of a
background-subtracted image (e.g., photoelectrons with KE <
10 eV as shown in Figure 3a). A photodiode located at the back
of the VMI spectrometer is used to measure photon flux vs
energy, which is needed to normalize the electron signals. An
example carbon K edge NEXAFS spectrum of squalene aerosol
with selected images is shown in Figure 3b.
The NEXAFS spectra are normalized before kinetics are

extracted. The carbon K edge NEXAFS spectra are area
normalized using the PEY signal from 286 to 300 eV (the signal
after the 1s → π* transition). The oxygen K edge NEXAFS
spectra are 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 results from carbon K edge absorption at
lower energies.
II.e. Kinetic Analysis. For each measurement, an effective

uptake coefficient (γeff) is 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 can 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

γ γ= ·FGM,eff FG,eff (1)

where FG is the number of functional groups. Deviation from
this relationship occurs when functional groups leave the
particle (such as reaction products with double bonds
evaporating from the particle). If there is no evaporation
from the 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 bimolecular heterogeneous ozonolysis rate

constant is determined. First, the average ozone exposure in the
reactor is quantified using the GC to monitor the decay of the
gas phase tracer, 2M2B. Ozone exposure is equal to

∫= = ⟨ ⟩ ·
k

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

[O ]d O t
0

2M2B
3 3

(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) × 10−16 cm3 molecule−1 s−1),54

and ⟨O3⟩t·t is the ozone exposure. Rate constants are
determined from either the decay or growth of a spectral
feature with increased ozone exposure. If a measurement is
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, 1s → π* in carbon K-edge NEXAFS), the
normalized decay at a given ozone exposure is fit to

= − ⟨ ⟩ ·k tln
[signal]
[signal]

O t
0

eff 3
(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 is sensitive to the growth of oxidized features
(e.g., O/C ratio in XPS and oxygen K edge in NEXAFS), the
data are fit to the following function:

= − − ⟨ ⟩·[signal] [signal] (1 e )k t
max

Oeff 3 (4)

where [signal]max is the value that the data asymptotically
approach (i.e., at high ozone exposures). The rate constant is
then used to compute an effective uptake coefficient:42

γ
ρ

=
̅

k D N

c M

2

3eff
eff surf 0 A

(5)

where Dsurf is the measured mean surface weighted particle
diameter, ρ0 is the density, NA is Avogadro’s number, c ̅ is the
mean speed of gas-phase ozone, and M is the molecular weight.
This formulation of γeff uses the bimolecular 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.55−58

III. RESULTS AND DISCUSSION
This section is organized as follows: We first describe the
oxidation products and kinetics measured by the VUV-AMS,
which will be used to inform and constrain the fitting and
analysis of the XPS data presented in section III.d. In sections
III.b and III.c, UPS and NEXAFS data are presented and
analyzed, respectively. Finally, we summarize the experimental
results in the context of previous measurements.

III.a. Oxidation Products and Kinetics via VUV-AMS.
The VUV-AMS is used to determine the products and
molecule-specific kinetics of squalene ozonolysis. Shown in
Figure 4a is an aerosol mass spectrum of squalene obtained
before reaction with ozone. The effective uptake coefficient is
calculated by plotting the normalized decay of the squalene ion
signal (m/z = 410 in Figure 4a) vs ozone exposure. The
effective uptake coefficient for squalene ozonolysis determined
here, (1.0 ± 0.2) × 10−3, is slightly larger than previous
measurements of squalene ozonolysis, which range from 1 ×
10−5 to 4.5 × 10−4.38−41 The uptake coefficient reported by
Wells et al. (4.5 × 10−4)40 is derived from the loss of ozone (as
opposed to the loss of squalene) and thus is not sensitive to
potential secondary reactions that might occur in the particle.
However, the uptake coefficients reported by Petrick and
Dubowski39 and Fu et al.38 (1 × 10−5 and 1.7 × 10−4,
respectively) are obtained from ATR-IR measurements, which
are 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 1). With this correction, our
reported uptake coefficient is consistent with that reported by
Fu et al. (both nominally 1 × 10−3). Petrick and Dubowski
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attribute the low uptake coefficient they report to a thicker
squalene layer where not all molecules are available for reaction,
in contrast to squalene monolayers in other work.39 The uptake
coefficient reported recently by Zhou et al.41 (4.3 × 10−4 Table
1) is 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 × 10−3) and that of Zhou et al.
cannot be currently explained, although we note that the ozone
concentrations used by Zhou et al. are significantly lower than
those used here and perhaps contribute to this difference. For
example, there could be differences in the amount of secondary
chemistry at high ozone concentrations that result in the higher
apparent uptake coefficient observed here.
The reaction pathways of a generic alkene with ozone are

summarized in Scheme 1.59 Briefly, ozone is expected to react

with the double bond creating a primary ozonide. This primary
ozonide will decompose 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.60 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.61 Oligomers can form when
multiple Criegee intermediates react with one molecule.
Shown in Figure 4b,c are reaction products detected using

mass spectrometry. Difference spectra (shown in red in Figure
4b,c) clearly show the formation of both lower molecular
weight and higher molecular weight ozonolysis products. Lower
molecular weight, carbonyl-containing products are observed at
m/z 316 and 384. These ions are consistent with products
containing four and five double bonds, respectively. Addition-
ally, a small peak is 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, under our experimental conditions, is negligible. This
is consistent with previous measurements of the ozonolysis of
oleic acid, which observed significantly more carbonyl than acid
products.62 Dissociative photoionization of squalene and its
higher molecular weight products makes it difficult to assign
products with molecular weights less than m/z 200.
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 five double bonds
reacting with a carbonyl containing zero to four double bonds.
The secondary ozonides are in good agreement with other
ozonolysis studies that have detected higher molecular weight,
oligomeric products.60,63,64 It is clear from the mass spectra that
there are two major classes of reaction products, secondary
ozonides and carbonyls, which will be used to constrain the
analysis of the photoemission data presented below.

III.b. UPS Spectra and Kinetics. UPS spectra of pure
nanoparticles from squalene and two other unsaturated
molecules, oleic acid (C18H34O2, one double bond) and
linoleic acid (C18H32O2, two double bonds), are presented in
Figure 5a. The photon energy for each spectrum is 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 5b). The spectral
comparisons between the different unsaturated acids and
oxidized squalene nanoparticles as well as previous measure-
ments of squalene’s optical properties50,65 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 are 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).50 As
squalene is oxidized, the same two Gaussian functions are fit to
each spectra. Fitting the decay of the π-bond peak to eq 3
(Figure 5c) yields a double bond-specific, effective uptake

Figure 4. (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 is subtracted from nonoxidized 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 is subtracted from nonoxidized 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 is ∼2.5 × 1014 molecule s cm−3 for
both product spectra.
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coefficient of (3.1 ± 0.7) × 10−4. This uptake coefficient in the
context of the other measured uptake coefficients will be
discussed below.
III.c. NEXAFS Spectra and Kinetics. Both carbon and

oxygen K edge NEXAFS spectra are collected as a function of
ozone exposure. The carbon K edge NEXAFS spectra are
shown in Figure 6a. The pure squalene spectrum shows an
intense feature at ∼284.6 eV. This feature has been assigned to
the 1s → π* transition.52 When squalene reacts and the double
bonds are cleaved, the intensity of this transition decreases. As
shown in Figure 6b, the decay of this 1s → π* feature with
ozone follows an exponential function, whose rate coefficient

from eq 3 is used to obtain a double bond-specific effective
uptake coefficient of (2.6 ± 0.6) × 10−4.
Previously, in a study monitoring the reaction of ozone with

shikimic acid particles, the decay of the 1s → π* transition was
used to extract an effective uptake coefficient.15 Additionally,
Moffet et al. have looked at the NEXAFS spectra of individual
deposited aerosol and inferred compositional information from
distinct spectroscopic transitions.34 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).34 This is consistent with the VUV-
AMS results and supports the conclusion that carboxylic acid
product formation is negligible.

Table 1. Summary of Effective Uptake Coefficients and Their Comparison to the Molecule Specific Uptake Coefficient for the
Various Spectroscopic Probesa

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) × 10−3

Zhou et al.41 (4.3 ± 2.2) × 10−4

Wells et al.40 (4.5 ± 1.4) × 10−4

Petrick and Dubowski39 1 × 10−5

Double Bond Probe
UPS (pi-bond peak) (3.1 ± 0.7) × 10−4 3.2 ± 1.0 1.9 ± 0.6
C K-edge NEXAFS (1s → π*) (2.6 ± 0.6) × 10−4 3.8 ± 1.2 1.6 ± 0.5
XPS (CCC peak) (2.9 ± 0.7) × 10−4 3.4 ± 1.1 1.8 ± 0.6
Fu et al.38 (1.7 ± 0.17) × 10−4

Functionalization Probe
O K-edge NEXAFS (PEY intensity) (2.6 ± 0.6) × 10−4 3.8 ± 1.2 1.6 ± 0.5
XPS (CO and C−O peaks) (2.4 ± 0.7) × 10−4 4.2 ± 1.5 1.4 ± 0.5

aSqualene ozonolysis uptake coefficients from previous measurements are included for comparison.

Scheme 1. Simplified Alkene Ozonolysis Mechanism and Expected Productsa

aBolded species are observed in the VUV-AMS spectra and included in XPS data fitting.
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A direct measure of the oxygen added to the particle is
achieved from analysis of oxygen K edge NEXAFS spectra. As
expected and shown in Figure 7a, pure squalene does not
exhibit any spectra intensity at the oxygen K edge. As the
particle is oxidized and the oxygen content within the particle
increases, there is an increase in the oxygen K edge intensity. In
Figure 7b, the rise in intensity of the oxygen peak at 532.2 eV is
fit to eq 4 to yield a product-derived effective uptake coefficient
of (2.6 ± 0.6) × 10−4. The agreement of the carbon and oxygen
K edge uptake coefficients will be discussed below.

Oxygen K edge NEXAFS spectra of pure diester (bis-
(ethylhexyl) sebacate, BES) nanoparticles are collected in order
to help explain the features observed in the NEXAFS spectra of
oxidized squalene. Figure 7c 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 1s → π* transition (531.6 eV) and one arising from
the O−C ester bond (534.4 eV).52 Compared to the BES
spectrum, the transition in the oxidized squalene spectrum is
broader and encompasses the 1s → π* 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 1s → π* and O−C transitions are
present in the oxidized squalene particle. The shapes of the
squalene oxygen K edge NEXAFS spectra are constant
throughout oxidation, and only the intensity of the oxygen
absorption changes. This suggests that the squalene ozonolysis
reaction mechanism and oxygenated products formed do not
change as a result of the species present.

III.d. XPS Measurements. C 1s XPS spectra of squalene at
different oxidation conditions are collected at a photon energy
of 310 eV and are presented in Figure 8a. The spectra show
that as squalene reacts with ozone, a peak at ∼292.3 eV
emerges. Additionally, the peak at ∼289 eV shifts to higher
energy and broadens. 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 C 1s spectra are fit using a
method adapted from a previous study.27 Because resolution is
expected to be instrument limited and not determined by
lifetime broadening, all of the peaks are fit to Gaussian

Figure 5. (a) UPS spectra of nanoparticles with differing numbers of double bonds. Squalene, linoleic acid, and oleic acid each have six, two, and one
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 rate ozonolysis rate constant is on the lower left.

Figure 6. (a) Squalene carbon K edge NEXAFS spectra at various
ozone exposures. (b) Kinetics of the 1s → π* transition decay (284.6
eV).
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functions. The peak positions and widths (full width at half-
maximum, fwhm) for double bonded carbon (CCC) and
methylene carbon (CHx) are determined first. The position of
the CHx peak is determined using the most highly oxidized
squalene spectrum (containing a negligible amount of CCC).
Then the unreacted pure squalene spectrum is used to
determine the position of the CCC peak and the FWHMs
of both CHx and CCC. A couple of additional constraints are
imposed during the analysis: (i) the FWHMs of CHx and CCC
are assumed to be equal; and (ii) the ratio of CHx to CCC
peak areas in the unoxidized squalene spectrum is constrained
to the stoichiometric ratio of CHx to CCC in the squalene
molecule (i.e., 18 CHx/12 CCC). This results in CCC and
CHx peaks that are separated by 0.6 eV with FWHMs of 1.2 eV.
The oxygenated carbon species are then fit in the remaining

XPS spectra based on the following assumptions: (i) The
FWHMs of all carbon species are equal (1.2 eV); (ii) Based on
the VUV-AMS product data, COOH functional groups are not
observed to be significant and are therefore not included in the
XPS fit; (iii) Only two types of carbon containing reaction
products, consistent with the VUV-AMS results, are 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) do not significantly

change the total fraction of CHx in the particle. This last
assumption is 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 are well-mixed and the surface
composition is assumed to mimic the bulk composition, the
area of CHx in each spectrum is constrained to be 60% of the
total carbon area. The positions of the CO and C−O peaks
are determined from the most oxidized squalene spectrum. The
CO and C−O shifts relative to the CHx peak are 2.9 and 1.3
eV, respectively. The four peaks are fit to the remaining spectra
at different ozone exposures (Figure 8a). The fraction of each
carbon species present at different ozone exposures is
determined from calculated peak areas (Figure 8b).
In summary, the photoelectron spectra are fit with four total

components. The C 1s peak assignments (shown in Figure 8a)
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.27,66 The secondary ozonides
(shown in Figure 4c) 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
be between an ether and carbonyl (∼1.4−3.0 eV).66 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.
Heterogeneous reaction kinetics are 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. In
Figure 8b, the normalized decay of the CCC peak is fit to eq 3
to yield a double bond-derived γeff of (2.9 ± 0.6) × 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

= + −F FO/C (C O)
3
2

(C O)
(6)

where F(CO) and F(C−O) are the fractional peak area of
CO and C−O, respectively. Figure 8c 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. 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. These data are
fit to eq 4 (with [signal]max constrained to 0.43) yielding a
product-specific effective uptake coefficient of (2.4 ± 0.7) ×
10−4. The observation of secondary ozonides in both the VUV-
AMS and C 1s 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

Figure 7. (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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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 ozonoly-
sis,60,62−64,67 where accurate quantification is difficult without
calibration standards. Observed in this work, the secondary
ozonide (oligomeric) and carbonyl (fragmentation) yields
measured here, 16 ± 4% and 84 ± 4%, respectively, have not
been previously reported for squalene ozonolysis. However,
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%64

to 68%.60 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.59,68 The CI is expected to readily react with the acid
functional group found in oleic acid to create higher molecular
weight species.60 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 straightforward. 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,69

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.41 Additionally, at higher
ozone exposures more CI and carbonyl product species will be
present, which will 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.

III.e. Summary of Measurements. A summary of the
effective uptake coefficients is presented in Table 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 × 10−4),38 the
effective uptake coefficients measured by the photoemission
probes are 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) provides 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 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 gas phase
products of squalene ozonolysis detected carbonyl species
containing one to three double bonds in the gas phase.37,40

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 (Table 1). Thus, evaporation
of reaction products leads to additional depletion of double

Figure 8. (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, 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) × 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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bonds from the particle and a further decrease in aerosol
reactivity with O3. While earlier studies have detected
evaporative products from squalene ozonolysis,37,40 the extent
to which evaporation and ozonolysis each contribute to the loss
of functional groups from the particle has not been previously
measured.

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 C 1s 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 suggest that for each
ozonolysis reaction roughly 1.6 ± 0.2 double bonds are
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.37 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. C
1s XPS measurements also provide 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. We believe that this work will serve to inform the
study of surfaces in diffusion-limited systems where chemical
gradients are expected to form as a result of atmospheric aging.
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