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Toward a molecular understanding of the surface composition
of atmospherically relevant organic particles
Y. Qina , L. M. Wingena , and B. J. Finlayson-Pittsa,1

Edited by James Donaldson, University of Toronto, Toronto, Canada; received May 30, 2022; accepted July 19, 2022 by Editorial Board Member
Akkihebbal R. Ravishankara

Many mass spectrometry methods using various ionization sources provide bulk com-
position of airborne particles, but little is known about the surface species that play a
major role in determining their physicochemical properties that impact air quality, cli-
mate, and health. The present work shows that the composition of surface layers of
atmospherically relevant submicron organic particles can be probed without the use of
an external ionization source. Solid dicarboxylic acid particles are used as models, with
glutaric acid being the most efficient at generating ions. Coating with small diacids or
products from α-pinene ozonolysis demonstrates that ions are ejected from the surface,
providing surface molecular characterization of organic particles on the fly. This unique
approach provides a path forward for elucidating the role of the surface in determining
chemical and physical properties of particles, including heterogeneous reactions, particle
growth, water uptake, and interactions with biological systems.

airborne organic particles j surface sensitive mass spectrometry j inlet/vacuum ionization

For a number of decades, aerosol particles have been the subject of extensive studies in
atmospheric chemistry due to their importance in air quality, human health, and global
climate (1–5). Mounting evidence indicates that airborne aerosol particles are, under
many atmospheric conditions, solids or semisolids (6–13), where mass transfer of the
molecules into the particle can be slow (14–17). This can lead to composition differ-
ences between the surface and the core (18). Even in a liquid particle, morphological
heterogeneity can occur due to liquid-liquid phase separation of organic components
that are immiscible (19–21). While the surface makes up a small fraction of the particle
mass, incoming gases interact at this air-particle interface first. Thus, the surface can
determine how particles take up low-volatility organics to grow the particles, which
must reach ∼100 nm in size to scatter light and hence reduce visibility, as well as to
reach the deep lung. The chemical composition of the surface will also determine its
interaction with water vapor, and hence its ability to act as a cloud condensation
nucleus, and it will play a role in the initial interaction of the particles with biological
systems, including the respiratory tract.
Analysis of particle composition is often carried out by filter collection followed by

solvent extraction and application of offline analytical techniques, especially mass spec-
trometry (MS). Great strides have been made using electrospray ionization MS (22,
23), chromatography, and high-resolution methods (24). Online techniques without
prior collection and extraction have also been widely used. These techniques rely on a
variety of methods to provide energy for generating gas-phase ions from the particles,
including high voltage, laser ablation, or heating followed by electron impact or chemi-
cal ionization (25–34). However, thermal decomposition of the analytes and fragmen-
tation during ionization can occur, making molecular characterization challenging.
These techniques also give information on bulk particle composition but not informa-
tion on composition of the surface separately. Techniques that are surface sensitive and
preserve native molecular information are emerging but are in their infancy regarding
their mechanisms and quantification (18, 35–38).
In a series of previous studies on solids, ions have been shown to form within the

inlet of the mass spectrometer without an external ionization source (39–46). Such
methods with no ion source are often referred to as inlet or vacuum ionization and
enable molecular characterization of a variety of organic analytes with less energy input
than traditional methods. For example, Trimpin and coworkers (47) first observed
mass spectra directly from the sublimation of a matrix-embedded solid sample near the
mass spectrometer inlet without using a laser. However, detailed understanding of the
ionization mechanisms in the absence of added energy remains elusive for solids.
A variation of related methods has also been reported in which heat is used to gener-

ate ions. For example, Johnston and coworkers (44–46) have explored droplet-assisted
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ionization, which produces ions from micrometer-sized droplets
by passing them through a heated inlet before the mass spec-
trometer inlet. Solvent-assisted inlet ionization is a similar
method that allows analyte solution to be drawn into a heated
inlet; droplets are believed to form in the vacuum region of the
mass spectrometer during evaporation of the solvent (48, 49).
These methods share similarities with aerodynamic thermal
breakup droplet ionization methods (50–52), which have also
been shown to generate ions in the mass spectrometer inlet
with typical temperatures of several hundred degrees Celsius.
Here, we demonstrate that the surface composition of atmo-

spherically relevant solid organic particles can be characterized
without providing an external energy or ionization source, an
approach dubbed “magic” ionization by Trimpin and co-workers
(39), who demonstrated this on bulk solids. In the present
studies, solid, dry glutaric acid (GA) particles, as well as the
C3, C4, and C6 diacids from atomization, were used as single-
component particles. In addition, GA coated with organic
compounds ranging from small organic acids to high-molecular-
weight compounds from α-pinene ozonolysis were studied. Mass
spectra in all cases indicate the gas-phase ions originate primarily
from molecules in the surface layer of the particles, providing
selective characterization of the surface rather than the bulk and
providing a path forward for understanding the role of parti-
cle surfaces in determining the ultimate impacts of airborne
particles.

Results and Discussion

Production of Gas-Phase Ions from Particles without an Ioni-
zation Source. Ion signals from GA particles generated using
the approach in Fig. 1A in the absence of an external ionization

source (SI Appendix, Fig. S1) are shown in Fig. 1B. A clear
increase in the total ion count (TIC) was observed upon intro-
ducing the stream of GA particles into the mass spectrometer,
with the signal increasing with increasing temperature. The tem-
perature is applied at the ion block (Fig. 1A) and warms the
cone and ion optics but does not heat the inlet, which remains
at room temperature. The major ions were at mass-to-charge-
ratios (m/z) of 133, 115, and 87, corresponding to protonated
GA adducts and fragments [M + H]+, [M + H � H2O]+, and
[M + H � H2O � CO]+, respectively. Peaks at m/z 150, 282,
and 414, which correspond to the ammoniated adducts of GA
[M + NH4]

+, [2M + NH4]
+, and [3M + NH4]

+, respectively,
were also observed at low temperature. At higher temperatures,
the [2M + NH4]

+ and [3M + NH4]
+ peaks disappeared, pos-

sibly due to thermal decomposition, while the sodiated adduct
[M + Na]+ (m/z 155) survived. Ammoniated adducts are an
intrinsic characteristic of ambient ionization due to ammonia in
air and are also observed in other ambient ionization methods,
such as direct analysis in real time (DART) MS (53). The sodi-
ated adduct originates from trace metals in the glassware (54). In
all cases, the signal returned to near-zero background levels when
the particle stream was removed from the inlet region.

This experiment clearly shows that gas-phase ions are pro-
duced from the particles without an external ionization source.
The results are similar to reports by Trimpin and coworkers
(39–43, 47, 55) that sublimation of samples in the presence of
a matrix compound yields mass spectra of the analytes. These
results are also consistent with the observations from solvent-
assisted inlet ionization and droplet-assisted ionization that gas-
phase ions are produced without an external ionization source
(44–46, 49–52).

Experiments were carried out using size-selected GA particles
in which the number, surface area, or volume concentrations
were held constant while varying the diameter. In these experi-
ments, the ion signal was significantly smaller due to the much
lower number concentrations, for size-selected particles [(3 � 7) ×
104 cm�3] versus polydisperse particles (∼2 × 106 cm�3).
Thus, the more sensitive multiple reaction monitoring (MRM)
method, which monitored the ion signal for the transition m/z
133/115, was used for size-selected GA particles.

Fig. 2 shows the ion signal intensities observed for diameters
ranging from ∼80 to 270 nm, with data points colored by sur-
face area concentration. When the number concentration was
held constant (Fig. 2A), the signal increased for larger diame-
ters. However, the ion signal was constant for increasing diame-
ters when their surface area concentration was held constant
(Fig. 2B), suggesting that the particle surface area plays a major
role in ion generation. Finally, when the volume concentration
was held constant (Fig. 2C), the signal decreased as the diame-
ter increased. All of the data points from Fig. 2 plotted together
(SI Appendix, Fig. S2) demonstrate that the signals depend on
the surface area of the particles.

Molecular Ion Ejection near the Surface of Core-Shell Particles.
Ions originating from sublimation will come from the outer
surface layers of the particle (56, 57). To examine this further,
size-selected GA particles were coated with different coating
thicknesses by condensation of vapors from other diacids. Fig.
3A shows the results for GA particles coated with adipic acid
(AA), in which the core [GA + H]+ and the coating [AA + H]+

signals are plotted as functions of coating thickness. The coating
thickness was measured from changes in the particle size distri-
bution as the coating temperature increased (SI Appendix, Fig.
S3). As the coating layer increased from 0 to 10 nm, the AA

A

B

m/z m/z m/z

Fig. 1. (A) Schematic of the apparatus in which GA particles were sent directly
to the mass spectrometer without an external ionization source. (B) Typical
time series of the TIC (black trace) and the corresponding mass spectra (red
traces). The particles were sampled at 2 to 5, 9 to 11, and 13 to 14 min, with
ion block temperatures of 30, 100, and 150 °C, respectively. aq, aqueous
solution; cps, counts per second.

2 of 9 https://doi.org/10.1073/pnas.2209134119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 S
C

IE
N

C
E

 L
IB

R
A

R
Y

 S
E

R
IA

L
S 

on
 A

ug
us

t 2
2,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
12

8.
20

0.
47

.7
6.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209134119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209134119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209134119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209134119/-/DCSupplemental


coating signal increased while the GA core signal decreased, con-
sistent with ions originating from the surface AA molecules.
These surface molecules shielded the underlying GA, suppressing
its sublimation. However, both GA and AA signals dropped
with a further increase in coating thickness (>15 nm). Similar
results were observed using dodecanedioic acid (DA) as the coat-
ing (Fig. 3B). Clearly, sublimation of the GA core enhances ejec-
tion of compounds from the surface. The DA signal decreases at
a thinner coating than that in the AA coating experiment, per-
haps due to the lower vapor pressure of DA. In short, the results
indicate that sublimation of the GA is one of the key compo-
nents in generating the ion signals, with efficient ion formation
for molecules in the particle surface layers.
To test whether the ionization method works for atmospher-

ically relevant multicomponent coatings, dry GA particles were
coated with secondary organic aerosol (SOA) formed from
α-pinene ozonolysis generated in a flow reactor. For compari-
son, SOA particles alone were also generated by self-nucleation
without the GA seed. In addition, separate streams of self-
nucleated SOA and atomized GA particles were analyzed. As
shown in Fig. 4A, the SOA particles alone yielded an insignifi-
cant signal. Introducing two separate streams of SOA and GA
particles gave GA ions but no SOA signal (Fig. 4B). However,
for the SOA-coated GA particles, both GA and SOA were
detected (Fig. 4C). Peaks due to typical products of α-pinene
ozonolysis were observed, such as pinonic acid (22, 23, 58, 59).

Significant signals were also observed for high-molecular-weight
compounds (m/z >300). A comparison to mass spectra obtained
using DART-MS is shown in SI Appendix, Fig. S4. A higher
proportion of high-molecular-weight compounds was observed
in the spectra from magic ionization than that in the DART
spectra. Since DART requires the use of high temperatures to
vaporize solid analytes, it is likely that the high temperatures
either decomposed some of the high-molecular-weight com-
pounds (m/z >500) or were not high enough to vaporize the
high-molecular-weight, highly oxygenated molecules. The spec-
tra in Fig. 4 support the role of GA particles in enhancing subli-
mation of surface compounds with high molecular weights and/
or low vapor pressures.

A further reverse experiment was conducted to coat the self-
nucleated SOA with GA. Signals from both the SOA core and
GA were very small (SI Appendix, Fig. S5A), showing that GA is
much more effective in generating an SOA spectrum when it is
used as the core (Fig. 4C and SI Appendix, Fig. S5B). This sup-
ports the sublimation of the charged GA as the key; when GA is
in the core, it can carry species above it into the gas phase, while
as a coating, it is unable to carry along the underlying SOA.

The SOA coating was varied by using different initial α-pinene
concentrations, from 2 to 40 ppm. As shown in Fig. 5, the TIC
decreased from 3.5 × 107 to 2.3 × 107, 1.7 × 107, and then
0.7 × 107 cps with an increase in the α-pinene concentration.
The higher α-pinene concentrations lead to a thicker coating

A

dp (nm) dp (nm) dp (nm)

B C

Fig. 2. Signal intensity of size-selected GA particles as a function of particle diameter (dp) in experiments with fixed (A) number concentration (triangles),
(3.2 ± 0.7) × 104 cm�3 (B) surface area concentration (circles), (2.9 ± 0.1) × 109 nm2 cm�3, and (C) volume concentration (squares), (2.1 ± 0.05) × 1011 nm3 cm�3.
The uncertainties in intensity are similar to the size of the symbols.
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Fig. 3. (A) Intensities from size-selected GA particles coated with AA formed by condensation of the vapor as a function of coating thickness. (B) Intensities
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of the GA core, which suppresses the sublimation of the GA
core and the intensity of the signals from the surface species.
These results are consistent with the results of the single-
compound coatings, which show that sublimation of GA plays
an important role in generating the ion signals. While the total
signal intensity decreased, the shell-to-core (SOA-to-GA) ratio,
obtained from the sum of all SOA peaks ratioed to the sum of
all GA peaks, increased (SI Appendix, Fig. S6). This result fur-
ther demonstrates that ions are ejected preferentially from the
particle surface.
This surface ionization occurred for other core particles as

well. For example, SI Appendix, Fig. S7 shows a clear signal
from AA core particles coated with SOA, although longer col-
lection times were required to give a signal comparable to that
from GA core particles. The experiments demonstrate the utility

of this magic ionization method for surface analysis of particles
on the fly, where compounds with a variety of vapor pressures
and molecular weights are present.

Activation Energy for Ion Generation. The activation energy
(Ea) for ion generation was measured for uncoated GA particles
with different charge densities formed using three different pro-
cesses: 1) atomization from solution, 2) self-nucleation from the
gas phase, and 3) self-nucleation followed by exposure to ions
formed by passing self-nucleated particles through a Po-210 neu-
tralizer. Particles generated by atomization hold more charges than
those from self-nucleation (60–62). Particle charging during atom-
ization occurs via frictional forces known as spray electrification;
this effect is illustrated by the intense electrification of water drop-
lets in waterfalls (63). To increase the charge on the self-nucleated
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particles, the particles were exposed to a Po-210 neutralizer, where
charging occurs by random collisions between the ions and the
particles before they enter the mass spectrometer (64).
Fig. 6 shows Arrhenius plots of total ions from the protonated

GA and its associated fragments [GA+H-H2O]+ and [GA+
H-H2O-CO]+. Ea was obtained from the slope of plots of ln (ion
signal intensity) versus T�1, where the total ions were followed as
a function of the applied ion block temperature. The Arrhenius
plots and the derived Ea of each individual ion are shown in SI
Appendix, Fig. S8 and SI Appendix, Table S1. Ions from
atomized GA had a significantly lower Ea (22 ± 2 kJ mol�1) than
those generated from self-nucleation (83 ± 6 kJ mol�1). Further-
more, the additional charges from applying the Po-210 on the
self-nucleated GA lowered the Ea rather dramatically, to 11 ± 1
kJ mol�1. These values correspond to enthalpies of 19, 80, and
8 kJ mol�1 for atomized, self-nucleated, and self-nucleated par-
ticles with additional charges, respectively. These are all lower
than the sublimation enthalpy of neutral GA (130 ± 11 kJ
mol�1) (65). Lower enthalpies (100 ± 5 kJ mol�1) have been
reported for GA particles that are in the form of supercooled
liquids, which tend to behave similarly to amorphous solids (65).
Whether the particles generated here are crystalline or amorphous
is unknown. Nevertheless, the lower Ea for particles with higher
charge densities suggests that enhanced sublimation with a lower
energy barrier occurred due to the charges on the particles. This
may also be responsible for the enhanced surface signals observed
in orthogonal mode, sonic spray MS (38). A related observation
by Johnston and coworkers (44) during droplet-assisted ioniza-
tion is that the Ea of ion formation for nonionic solutes in aque-
ous solutions was about equal to the enthalpy of vaporization of
water but much smaller for salt droplets, which, as they dry, may
be similar to the solids studied here.

Proposed Mechanism of Ion Generation from Particles. When
particles enter the mass spectrometer, the diameter rapidly
decreases under sub-atmospheric pressure and, in some experi-
ments, higher ion block temperatures. This shrinkage will
increase the charge density on the particle surface. Direct prob-
ing of the particle diameter change under vacuum conditions
within the mass spectrometer was not possible. However,
changes in particle diameter could be measured after the inlet
at the elbow (Fig. 1A). The ion block heats the particles as they
travel into the mass spectrometer, and this also heats the elbow
to some extent. Particles were size selected with a fixed diameter
of 162 nm at room temperature and atmospheric pressure. The
mode diameter of the particles decreased to 146 nm at 38 °C
measured at the elbow and further to 109 nm at 61 °C (Fig. 7).
The measured reduction in the diameter can be viewed as a
lower limit since the particles are expected to undergo more
evaporation with the increased temperature and decrease in
pressure in the ion block and in the ion optics inside the mass
spectrometer.

As the particle diameter decreases, repulsion between the
charges increases. Mechanisms of ion formation from liquid
droplets where solvent evaporation increases the repulsive forces
between charges on the surface have been explored in detail
(66–75). Formation of gas-phase analyte ions occurs via two pro-
cesses: Coulombic fission and ion evaporation. For larger drop-
lets, Coulombic fission dominates, in which the charge density
on the surface builds up during shrinkage of the droplet to the
point that Coulombic repulsion causes ejection of smaller
charged droplets and is known as the charged residue mechanism
(CRM) (66–75). At smaller sizes, ∼10 to 40 nm (67), below but
still near the Rayleigh limit, conical shape fluctuations on the
droplet surface provide the escape route for ion emission into
the gas phase. The single-ion emission below the Rayleigh limit
is known as the ion evaporation mechanism (IEM) (66–75). In
the experiments reported here, the particles are solids, but similar
driving forces for ion generation may occur. The ejection of
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for ions from self-nucleation, and Ea =11 ± 1 kJ mol�1 for ions from self-
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and [GA+H-H2O-CO]+. Signals for [GA+NH4]
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50, and 61 °C, respectively. dN/dlogdp is the particle number concentration
(N) normalized to the bin width of dp.
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charged particles in magic ionization of bulk solids has been pro-
posed (39–43, 47, 55) although particles have not been directly
observed. For the set of experiments in Fig. 7, the particles were
generated in the same manner with the same initial diameter, so
the initial charges they carried before entering the mass spec-
trometer were the same. However, when they entered the mass
spectrometer inlet, the heating of the elbow and the ion block
led to shrinking of the initial diameter. As predicted by the
CRM and IEM models, this shrinking led to a decrease of
the particles’ ability to hold the charges, which further led to
the ejection of ions to the gas phase and their detection in the
mass spectrometer. The ion signals detected as shrinking pro-
ceeded from the experiment were reasonably well matched by
both the CRM and the IEM models (SI Appendix, Fig. S9 and
SI Appendix, Text S1).
The CRM and IEM models apply to liquid droplets where

ejection of highly charged droplets from low-viscosity solvents
occurs readily (74). In addition, exchange between the surface
of the droplet and the interior is relatively fast. This is less
likely with the solid particles used here; however, solid particles
contain surface defects in the form of steps and edges. It is from
these locations that sublimation preferentially occurs (56) and is
likely the source of ion formation as well.
The ion signals were not unique to GA particles. Atomiza-

tion and drying of malonic acid, succinic acid, and AA to form
particles also yielded clear ion signals and mass spectra,
although they were generally smaller than for GA by a factor of
∼20 to 30 (SI Appendix, Fig. S10). A mechanism based solely
on sublimation to generate ions would be expected to show
dependence on the sublimation enthalpy and vapor pressures of
the compounds. However, a trend of ion signals with enthalpies
or vapor pressures was not evident here (SI Appendix, Fig. S10).

GA gave the highest signal, which may reflect more surface
irregularities from which sublimation can occur. Charges may
begin to concentrate at these irregular locations as shrinking
proceeds, leading to a Coulombic-type fission or ion emission
from sites where the molecules are less strongly bound than in
the bulk solid. In this regard, it is noteworthy that theoretical
calculations show that the binding energy of one GA molecule
to another might be as low as 90 kJ mol�1, similar to the Ea
for ion formation measured here for self-nucleated GA (76).

An additional set of experiments was conducted to quantify
the proportion of multiple charges held for malonic acid, suc-
cinic acid, GA, and AA particles, which represents the C3-C6
diacid series. Particles were atomized and dried as before but
directly flowed into an electrostatic classifier without passing
through a neutralizer. The removal of the neutralizer is to allow
the particles to retain the charge states they acquire during atomi-
zation. At a fixed voltage, particles entering the electrostatic classi-
fier with different charges would come out at different sizes but
the same electrical mobility, which can be measured by a scanning
mobility particle sizer (SMPS) placed downstream. Examples of
the GA and AA particles with different sizes at a fixed voltage
of �493 V (corresponding to a singly charged particle diameter of
100 nm) are shown in Fig. 8 A and B. A significant fraction of
the particles have multiple charges. This is expected for par-
ticles experiencing spray electrification (63). However, GA retains
a higher proportion of multiple charges than the other diacids
(Fig. 8C). The multiple-charge proportion of the GA particles
may be underestimated for GA here, as the GA particles have
undergone significant shrinking, which is evident in Fig. 8A, and
have thus potentially already ejected some of the charges to the
gas phase. These multiple-charge measurements are consistent
with the observations that GA gave the highest signal and that
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the effective Ea for ion production was lower for the atomized
particles (22 kJ mol�1) compared to the self-nucleated particles
(83 kJ mol�1).
Thermal gradients in the particles will occur due to sublima-

tion from the surface, and such gradients have been proposed
to drive excess charges to the surface (77, 78). Although larger
ions are not expected to be mobile in a solid such as GA, trans-
fer of a proton may be faster in the diacids through a Grotthuss
type of mechanism in which protons diffuse through the hydro-
gen bond network between the molecules (79, 80). GA has
acid dissociation constants similar to those of other acids such
as succinic acid and AA, so enhanced deprotonation of GA
seems unlikely. However, it is possible that there is faster pro-
ton migration in GA compared to the other dicarboxylic acids.
Another contributing factor to increased mobility of ions in sol-
ids may be a decrease in particle viscosity with particle size. For
example, the viscosity of SOA from α-pinene falls for sizes
below 100 nm (81). The size distributions of the particles in
the current study include a significant number below 100 nm
(Fig. 7 and SI Appendix, Fig. S11). Similar to work by Trimpin
et al. (41), the ion yields per surface area of the particle popula-
tion in this study were small (∼10�6 or less) (SI Appendix, Fig.
S10). Thus, the ions formed from solid particles may come pri-
marily from protons at surface defects in the smallest particles,
where transport to the defects is aided by lowered viscosity
compared to larger particles.
In summary, it has been demonstrated that molecular com-

ponents of the surface of atmospherically relevant organic aero-
sol particles can be uniquely identified on the fly without an
ionization source. Significant advantages of this approach are its
surface sensitivity, near-zero background, rapid response, and
minimal decomposition of the analyte. A number of processes
are controlled by the composition of the surface of particles,
including heterogeneous reactions, particle growth, water
uptake, and interactions with biological systems. As an exam-
ple, the method can be used to study the condensed-phase oxi-
dation of solid or semisolid particles, in which reactions that
occur on/at the surface may differ from those in the bulk or in
the gas phase. It can also be used to study changes in the sur-
face composition that alter the uptake of water and other gas-
phase molecules. Such molecular changes at the surface can be
related back to processes controlling particle growth or their
ability to act as cloud or ice condensation nuclei. It may also be
used to study the formation of high-molecular-weight species
during oxidation of different gas-phase organic compounds
since the products are expected to condense onto the particles.
In short, this study provides a path forward for understanding
the surface composition of, and gas partitioning to, organic
airborne particles and hence for understanding the role of the
surface in determining chemical and physical properties of par-
ticles and their impacts on air quality, visibility, and climate.

Methods

Mass Spectrometry with No Ionization Source. Mass spectra were col-
lected on a triple-quadrupole mass spectrometer (Waters, Xevo TQ-S) with the
ion source removed. A blank ion source housing door was used that contained
only a 1/4-inch inlet. Sample flow was guided from the ambient laboratory
atmosphere into a ceramic tube inlet through a short metal elbow (Vapur inter-
face) to the spectrometer’s cone, as shown in Fig. 1 and SI Appendix, Fig. S1.
A small port in this elbow allowed particle size distributions to be collected with
an SMPS. In some experiments, the ceramic inlet was removed; no change was
observed in mass spectra or signal intensity.

The temperature-controlled ion block (source temperature) was typically oper-
ated at 150 °C and was varied in separate experiments to examine the tempera-
ture dependence of ion signals between 30 and 150 °C. This ion block heats the
sample as it travels through the cone into the vacuum region and ion guide
before the first quadrupole. This also heats the elbow and the particles to some
extent before they enter the vacuum region. Separate measurements of elbow
temperature were made using an infrared thermometer (Etekcity, Lasergrip
774); the temperature of the elbow varied from 38 to 61 °C.

Mass spectra were obtained using a cone voltage of 30 V and a source offset
of 50 V. Increases in the cone and source offset potentials induced some ion
fragmentation but did not have a significant effect on overall total ion signals.
Positive ion mode mass spectra were collected in continuum or multichannel
analysis (MCA) mode from m/z 20 to 700, or using single ion recording (SIR) or
MRM scans, with ion dwell times of 0.5 s depending on the experimental condi-
tions described below. SIR and MRM scans are techniques widely used for their
high sensitivity. In the SIR scans, the mass spectrometer is set to monitor the
intensity of specific m/z values. In MRM scans, an ion of a particular m/z value is
selected in the first quadrupole, and its product ions after collision-induced dis-
sociation are detected in the second quadrupole. Some mass spectra were col-
lected over longer periods of time and in MCA mode to improve signal-to-noise
ratios.

DART-MS. DART-MS was carried out using a DART ionization source (IonSense)
equipped with the Vapur interface connected to the same mass spectrometer
and ceramic inlet tube. To collect spectra in which SOA was sampled on its own
or used as a coating on GA particles, the gas-phase α-pinene ozonolysis products
were first removed by passing the particles through a denuder. The remaining
particle stream was exposed to a temperature of 150 °C prior to sampling with
DART to vaporize the particles.

The DART probe distance was 4 cm from the inlet. Mass spectra were col-
lected in positive ion mode and averaged over 2 min in the range of m/z 20 to
700. Background spectra were also recorded by measuring room air and sub-
tracting from particle spectra. DART was operated with helium reagent gas at a
flow of 3.1 L min�1, a helium gas temperature of 300 °C, and a grid electrode
voltage of 350 V.

Generation of Polydisperse Atomized GA Particles. A schematic of the
apparatus for the generation of polydisperse GA particles is shown in Fig. 1A.
A solution of 20 mM GA (Sigma-Aldrich, 99%) in 18.2 MΩ cm of water (Milli-Q,
Millipore Corporation) was atomized at a flow rate of 3.5 L min�1 with zero air
using a constant output atomizer (TSI, model 3076). The atomized GA particles
were passed through two silica gel diffusion dryers, which resulted in low rela-
tive humidity (<5%). Size distributions of the particles were measured using an
SMPS (TSI) consisting of an electrostatic classifier (model 3080), a long differen-
tial mobility analyzer (DMA) (model 3081), and a condensation particle counter
(model 3776). The SMPS was operated with a sheath flow of 3 L min�1 and an
aerosol flow of 0.3 L min�1. A typical size distribution of polydisperse GA par-
ticles is shown in SI Appendix, Fig. S11.

Generation of Size-Selected Atomized GA Particles. A portion of polydis-
perse GA particles was passed through a DMA (TSI, model 3081) for particle
size-selection experiments. The particle flow through the DMA was 1 L min�1.
During size selection, evaporation of the GA particles inside the DMA was
observed. For example, even with the 3:1 ratio, a selected mode diameter of
200 nm yielded a mode diameter of 161 nm measured with an SMPS down-
stream (TSI, model 3938). Similar evaporation has been observed previously in
this and other laboratories (38, 82, 83). A schematic of the apparatus is shown
in SI Appendix, Fig. S12A. Experiments in which the particle number concentra-
tion was held constant while the diameter was varied (Fig. 2) were achieved by
adjusting the sheath airflow rate in the DMA. A similar procedure was used to
hold the surface area and volume concentrations of particles constant for differ-
ent diameters. SIR or MRM scans were used to collect mass spectra in size-
selection experiments due to lower particle number concentrations.

Generation of Polydisperse Self-Nucleated GA Particles. The schematic
for the generation of self-nucleated GA particles is shown in SI Appendix, Fig.
S12B. Pure GA solid was placed in the reservoir of a T assembly with
0.35 L min�1 air flowing over the solid. Another flow of 6 L min�1 air was
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directed into the top of the T assembly, giving a total flow of 6.35 L min�1 air exit-
ing the coater. The reservoir temperature was controlled with heating tape and a
variable transformer. The temperature in the reservoir for the self-nucleated GA
particles was 130 °C, measured with a thermocouple (Omega, type K). SIR scans
were used to collect mass spectra due to the low signals in these experiments.

Generation of Size-Selected GA Particles Coated with Diacids. Size-
selected GA particles were coated with either AA or DA using the coating assem-
bly shown in SI Appendix, Fig. S12C. Pure AA solid (Sigma-Aldrich, ≥95%) or DA
solid (Sigma-Aldrich, 99%) was placed in the reservoir of the coating assembly
with 0.35 L min�1 air flowing over the solid. Size-selected GA particles flowed at
1 L min�1 through the top of the assembly, giving a total flow of 1.3 L min�1

exiting the coater. The temperature in the coating reservoir controlled the coat-
ing thickness, and an SMPS was used to measure corresponding increases in
diameter, as shown in SI Appendix, Fig. S3.

Generation of Self-Nucleated SOA Particles. Self-nucleated SOA particles
were generated in a flow reactor with α-pinene ozonolysis, as shown in SI
Appendix, Fig. S12D. Gas-phase α-pinene was generated by injecting the
pure liquid (Sigma-Aldrich, ≥99%) into a 0.1 L min�1

flow of clean air using an
automated syringe pump. Ozone, produced by passing a flow of 0.3 L min�1 air
through a Pen-Ray mercury lamp (model 11SC-2), was added to the flow reactor.
A flow of 3.5 L min�1 dry air was added to the flow reactor to give a total flow of
3.9 L min�1 and a residence time of 22 s. The initial O3 concentration was
5 ppm, measured using an ultraviolet-visible spectrometer (Ocean Optics,
HR4000). The initial concentration of α-pinene varied from 2 to 40 ppm. A car-
bon denuder was placed after the flow tube to remove the gas-phase products
and any unreacted reactant. Mass spectra were collected in continuum mode
scanning fromm/z 20 to 700, with an average collection time of 5 min.

Generation of Polydisperse GA Particles Coated with SOA. Polydisperse
GA particles were coated with α-pinene SOA generated in the apparatus shown
in SI Appendix, Fig. S12D. The polydisperse GA particles flowed into the flow
reactor at 3.5 min�1, with ozone and α-pinene also flowing in at varying concen-
trations in air. Gas-phase α-pinene and ozone were injected in the same manner
as described above. Diameter increases were not detectable with polydisperse
GA particles because of the large width of the size distributions. Mass spectra
were collected in continuum mode from m/z 20 to 700, with an average collec-
tion time of 5 min.

Generation of Size-Selected GA Particles with Multiple Charges. To
examine multiple charging on particles generated from several diacids, particles
were atomized and dried as described above and then flowed into a first electro-
static classifier (DMA) from which the neutralizer had been removed (SI
Appendix, Fig. S12E). The removal of the neutralizer allowed the particles to
retain the charge states they acquired during atomization. At a fixed voltage, sin-
gly and multiply charged higher mass particles with equal electrical mobilities
exit the first DMA, and their diameters are measured by an SMPS downstream.
The voltage in the first DMA was �493 V, corresponding to a singly charged
diameter of 100 nm, with a sheath flow of 3 L min�1 and sample flow of
1 L min�1.

Data, Materials, and Software Availability. The data that support the find-
ings of this study are archived and openly available at https://doi.org/10.7280/
D1Z41R (84).
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