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Abstract. Extractive electrospray ionization (EESI) has
been a well-known technique for high-throughput online
molecular characterization of chemical reaction products
and intermediates, detection of native biomolecules, in vivo
metabolomics, and environmental monitoring with negligi-
ble thermal and ionization-induced fragmentation for over
two decades. However, the EESI extraction mechanism re-
mains uncertain. Prior studies disagree on whether particles
between 20 and 400 nm diameter are fully extracted or if the
extraction is limited to the surface layer. Here, we examined
the analyte extraction mechanism by assessing the influence
of particle size and coating thickness on the detection of the
molecules therein. We find that particles are extracted fully:
organics-coated NH4NO3 particles with a fixed core volume
(156 and 226 nm in diameter without coating) showed con-
stant EESI signals for NH4NO3 independent of the shell
coating thickness, while the signals of the secondary organic
molecules comprising the shell varied proportionally to the
shell volume. We also found that the EESI sensitivity exhib-
ited a strong size dependence, with an increase in sensitivity
by 1-3 orders of magnitude as particle size decreased from
300 to 30 nm. This dependence varied with the electrospray
(ES) droplet size, the particle size and the residence time for
coagulation in the EESI inlet, suggesting that the EESI sensi-

tivity was influenced by the coagulation coefficient between
particles and ES droplets. Overall, our results indicate that,
in the EESI, particles are fully extracted by the ES droplets
regardless of the chemical composition, when they are col-
lected by the ES droplets. However, their coalescence is not
complete and depends strongly on their size. This size de-
pendence is especially relevant when EESI is used to probe
size-varying particles as is the case in aerosol formation and
growth studies with size ranges below 100 nm.

1 Introduction

Atmospheric aerosols are suspended particles in the air rang-
ing from a few nanometers (nm) to several micrometers (um)
in diameter. Fine particles (< 1 um) comprise nucleation,
Aitken and accumulation mode particles and can account for
50 %-70 % of the total particulate matter (PM) mass con-
centration in polluted environments (Yue et al., 2009). They
can affect the earth’s radiative balance either directly, by
interacting with solar radiation, or indirectly by acting as
cloud condensation nuclei (CCN), influencing cloud albedo
and lifetime (Seinfeld and Pandis, 2016). Exposure to PM
is one of the leading causes of premature death, accounting
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for ~ 8.9 million deaths, or ~ 10 % of total global burden of
mortality in 2015 (Burnett et al., 2018), though the underly-
ing mechanisms remain uncertain (Daellenbach et al., 2020).
PM can be emitted as primary aerosol or produced in the
atmosphere after chemical reactions via nucleation or con-
densation of gas-phase products (Berndt et al., 2005; Clarke
et al., 1984; Hoffmann et al., 1997; Jimenez et al., 2009;
Kalberer et al., 2004; Kirkby et al., 2011). Heterogeneous
reactions may also further increase the complexity of ambi-
ent aerosol mixtures (George and Abbatt, 2010; Ditto et al.,
2020).

Online molecular characterization of atmospheric aerosols
is required to resolve the spatiotemporal variability of PM
molecular composition and to identify PM sources. Progress
has been made with the development of chemical ionization
interfaces such as the Filter Inlet for Gases and AEROsols
(FIGAERO) (Lopez-Hilfiker et al., 2014), Thermal Desorp-
tion Differential Mobility Analyzer (TD-DMA) (Holzinger
et al., 2010; Wagner et al., 2018), and Chemical Analy-
sis of Aerosol Online (CHARON) (Eichler et al., 2015)
coupled to a mass spectrometer. However, these techniques
suffer from thermal decomposition of the analyte prior to
ionization and/or ionization-induced fragmentation, imped-
ing molecular speciation (Miiller et al., 2017; Stark et al.,
2017). To complement these instruments, an extractive elec-
trospray (ES) ionization time-of-flight mass spectrometer
(EESI-TOF) was developed to enable molecular charac-
terization of organic aerosol at 1 Hz time resolution with
ngm™3 level detection limit, as well as minimal thermal
and ionization-induced fragmentation (Lopez-Hilfiker et al.,
2019). The EESI-TOF was further developed to enable on-
line tandem mass spectrometry for molecular structure eluci-
dation and to characterize water-soluble metals (Giannoukos
et al., 2020; Lee et al., 2020).

Several studies on topics such as the extraction of macro-
molecules from colloidal solution (Chen et al., 2006),
electron-transfer-catalyzed dimerization (Marquez et al.,
2008), and gas plume mixing in the charged droplets (Cheng
et al., 2008) reported that the ionization of EESI mainly
happens in the liquid phase via interaction between charged
ES droplets and neutral analyte molecules. For clarity, we
refer to our analytes (here introduced in aerosol form) as
“particles” prior to their interaction with ES droplets and as
“analyte-laden droplets” afterwards. If this liquid-phase ex-
traction of EESI occurs via total coalescence between par-
ticles and ES droplets, the measured EESI signal should be
proportional to the total analyte mass concentration, i.e., full
extraction of particles by ES droplets as demonstrated by sev-
eral studies (Law et al., 2010; Lopez-Hilfiker et al., 2019).
In contrast, prior studies suggested that the particles may
be only partially probed, limiting the full quantification of
the extracted analyte with extractive electrospray ionization
(Wang et al., 2012, Kumbhani et al., 2018). Kumbhani et
al. (2018) suggested that only the surface of particles with a
diameter of approximately 100 nm was extracted by compar-
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ing infusion ESI-MS with EESI-MS using coated chemical
standards (Kumbhani et al., 2018). Using other techniques
such as phase Doppler anemometer, Wang et al. (2012) sug-
gested that the extraction happens via fragmentation of the
analyte droplets and ES droplets as the result of droplet—
droplet collisions (Wang et al., 2012). Finally, other studies
proposed that the EESI extraction efficiency could depend
on the analyte volatility and size (Meier et al., 2011; Pag-
onis et al., 2021). Since all these studies only probed sim-
ple systems, i.e., individual chemical standards using one
kind of experimental setup and EESI ionization source, these
discrepancies could be inherently attributed to their differ-
ences of ES ionization geometries, experimental conditions,
irreproducible ES Taylor cone conditions and perhaps the
choices of chemicals.

Without reconciling the discrepancies of these reported
EESI mechanisms, EESI quantification must be regarded as
highly uncertain when the technique is used to probe vary-
ing size distributions of particles that exist in different mix-
ing states and are comprised of different molecular polar-
ity, volatility and sizes. Here, we took advantage of recent
advancements in particle generation and chemical analysis
to evaluate the extraction mechanism of EESI using three
different methods for particle generation and several online
mass spectrometers for aerosol chemical speciation. First, we
characterized the EESI extraction efficiency with particles
containing atmospherically relevant standard compounds and
mixtures, size-selected in the range of 30-500 nm using an
aerosol aerodynamic classifier. We elucidated the influence
of ES operating parameters and the residence time of ES
droplets and particles within the ionization source using two
different EESI sources. Second, we assessed whether the
EESI extraction efficiency depends on the analyte chemi-
cal composition, by comparing the EESI-TOF with a chem-
ical ionization (CI) TOF-MS equipped with a Filter Inlet
for Gases and AEROsols (FIGAERO) sampling manifold
(FIGAERO-CI-TOF-MS) during measurements of a-pinene
secondary organic aerosol (SOA) generated in the CLOUD
(Cosmics Leaving OUtdoor Droplets) chamber at CERN,
Switzerland (Kirkby et al., 2016; Trostl et al., 2016; Dias et
al., 2017). Third, we determined whether particles are fully
extracted or if extraction is limited to the coated surface by
coating monodisperse NH4NO3 particles of a fixed size with
variable amounts of oxidation products in an oxidation flow
tube reactor.

2 Experiment
2.1 Materials

Acetonitrile (Sigma-Aldrich, UV grade), sodium io-
dide (Sigma-Aldrich, 99.7 % purity) and Milli-Q water
(18 MQ2cm) were used to prepare the electrospray (ES)
and chemical standard nebulization solution. A polyimide-
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coated fused silica capillary (inner diameter (i.d.): 75 pm,
outer diameter (o0.d.): 369 um; BGB Analytik, Bockten,
Switzerland), HEPA capsule filter (Pall Corporation),
PEEK tubing (i.d.: 500 um, o.d.: 1/16 in.; BGB Analytik,
Bockten, Switzerland) and charcoal denuders (Ionicon
GmbH, Austria) were used for the electrospray ionization
inlet. As chemical standards, «-pinene (Sigma-Aldrich,
99 % purity), levoglucosan (Sigma-Aldrich, 99 % purity),
sucrose (Sigma-Aldrich, 99 % purity) and ammonium nitrate
(Sigma-Aldrich, 98 % purity) were used.

2.2 Electrospray ionization configuration

Two designs of the EESI sources with a factor of 2 differ-
ence in their residence time in the electrospray ionization
region were used in this work, coupled to a high-resolution
TOF mass spectrometer (HTOF, Tofwerk AG, Switzerland).
EESI source A (Lopez-Hilfiker et al., 2019) and B were de-
veloped initially for Tofwerk TOF and Thermo Scientific Or-
bitrap mass analyzers (Fig. S1), respectively, though EESI
source B is compatible with both mass analyzers, as de-
scribed in detail elsewhere (Lee et al., 2020). Source A was
used throughout the study, and source B was only used in
size-selection experiments shown in Fig. 2. Two electrospray
(ES) solutions were used to generate charged ES droplets:
(1) acetonitrile/H,0O (50/50 v/v) and (2) 100 % H>O (Ta-
ble S1). Both solutions were doped with 100 ppm Nal. A po-
tential difference of around 2.6-2.9kV relative to the MS in-
terface was applied to the ES solution, and an air pressure
difference of 120 to 800 mbar was applied to the ES solution
bottle reservoir, delivering 0.3-23 uL min~! of ES solution
via a polyimide fused silica capillary (o.d.: 369 um and i.d.:
50, 75 and 100 um, BGB Analytik, Switzerland). Different
ES operating parameters with estimated ES parent droplet
sizes ranging from 0.7 to 5.66 pm are tabulated in Table S2.
The ES droplets intersected with the particles before entering
the heated TOF capillary kept at 275 °C (< 1 ms residence
time), undergoing a Coulomb explosion as the ES droplets
evaporated. The ions generated from organic molecules were
detected predominantly (> 95 % relative abundance) as so-
diated adducts ([M + Na]™*) in the positive ionization mode
by the HTOF. Ammonium nitrate (NH4NO3), an inorganic
salt, was detected as [NaNO3+Na]™. The raw mass spec-
tra (1 Hz) were post-averaged every 10 s using Tofware (ver-
sion 2.5.13). All measured analyte signals were normalized
by the most abundant electrospray ion (i.e., [Nal + Na]™) to
account for the variation of the electrospray signal (£5 %).

2.3 Particle size selection

Figures S2 and S3 show two experimental setups for the
investigation of the size dependence of the particle extrac-
tion efficiency using EESI. Chemical standards were used
in the first experimental setup (Fig. S2). Three individual
aqueous solutions containing 4000 ppm of levoglucosan, su-

https://doi.org/10.5194/amt-14-5913-2021

crose and ammonium nitrate, respectively, were nebulized
separately at 1.4Lmin"!, which was then mixed with a
1.6Lmin~! make-up zero air. The output particles were
dried with a custom-made drier containing silica gel (<5 %
RH) and subsequently size-selected using an aerosol aero-
dynamic classifier (AAC; Cambustion, United Kingdom) to
produce monodisperse particles (Tavakoli and Olfert, 2013,
2014; Tavakoli et al., 2014). The size selection was imple-
mented by centrifugal separation of the particles according to
their mass. Unlike size selection using differential mobility
analyzers (Lopez-Hilfiker et al., 2019), size selection using
the AAC does not require electrical charging, thereby avoid-
ing multi-charging artifacts. The possible multi-charging of
particles might affect the normal extraction condition by
EESI where the particles are assumed to be neutral (Ke-
barle and Verkcerk, 2009, 2012). In addition, doubly charged
particles could result in underestimation of particle size and
mass concentration. Therefore, the new experimental setup
we used here was well suited to study the size dependence of
EESI sensitivity.

After particle size selection, the sample was drawn through
a multichannel charcoal denuder to strip gas-phase con-
stituents before entering the EESI-TOF inlet manifold. The
sample was also characterized immediately upstream of the
electrospray region by a nano-scanning mobility particle
sizer (size range 2.5-239 nm, nano-SMPS, TSI Inc., USA), a
scanning mobility particle sizer (size range 16—-638 nm, TSI
SMPS, TSI Inc., USA) and an aerosol mass spectrometer
equipped with a long time-of-flight mass analyzer (AMS-
LTOF, Aerodyne Research Inc., USA) (Fig. S2). The high
concentration of the chemical solutions ensured that suf-
ficiently high analyte concentrations (>3 ugm™>) remain
after size selection by the AAC using the highest possi-
ble sheath flow (15Lmin~! at an aerodynamic diameter
D,e>150nm) to produce highly monodisperse particle dis-
tributions (Tavakoli and Olfert, 2014) at 30 %—40 % RH. A
HEPA filter was used for the background measurements af-
ter each particle size selection.

In the second configuration (Fig. S3), we investigated the
size-dependent EESI sensitivity towards biogenic SOA pro-
duced from a-pinene oxidation in the Cosmic Leaving OUt-
door Droplets (CLOUD) chamber at CERN, Switzerland
(Kirkby et al., 2011; Dias et al., 2017), at —50 to —30 °C with
20 % and 60 % RH (Simon et al., 2020). The EESI-TOF sig-
nals of individual a-pinene oxidation products (C1oH1603-g)
were compared to a FIGAERO-CI-TOF-MS (Lopez-Hilfiker
et al., 2014). The FIGAERO-CI-TOF-MS measured both the
gas and particle phases. Here, particles were first collected
onto a 24 mm diameter PTFE filter via a dedicated port with
a sampling flow rate of 6 Lmin~!. Then, 2.7 L min~! of ul-
tra high purity (UHP) N, was heated progressively to ther-
mally desorb and vaporize the collected particles during a
14 min desorption period, with the filter temperature vary-
ing from 20 to 150°C at a rate of 10°Cmin~!. The des-
orbed vapor analytes were sampled into an ion—molecule

Atmos. Meas. Tech., 14, 5913-5923, 2021



5916

reactor at 150 mbar and chemically ionized by iodide (I7)
ions generated by passing a UHP N; gas stream contain-
ing CH3I through a 2'°Po radioactive source before enter-
ing an LTOF mass analyzer for separation. The signal of
the FIGAERO-CI-TOF-MS was integrated over the period of
particle desorption. The organic analytes were detected pre-
dominantly in the form of iodide adducts [M+1]~ (>95 %
relative abundance). The sample collection efficiency of the
filter used by the FIGAERO-CI-TOF-MS is expected to be
higher than 99.9 % for particles above 10 nm (Hilfiker-Lopez
et al., 2014). The volume-weighted geometric mean diame-
ters were determined using an SMPS (size range 9-834 nm,
Leibniz Institute for Tropospheric Research, Germany). The
SMPS(s) used for the measurements of chemical standards
and o-pinene SOA was (were) calibrated using size standards
of polystyrene latex beads.

2.4 Particle surface coating

A 104 cm long Pyrex flow tube of 7.4 cm inner diameter with
a total volume of approximately 5L (Molteni et al., 2018)
was used for particle surface coating experiments (Fig. S4).
A 1000 ppm NH4NO3 solution in pure water was nebulized
at 1.4Lmin~! and dried before size selection by the AAC
(<5 % RH). The resulting NH4NO3 particles passed through
the charcoal denuders before entering concentrically into the
flow tube with a laminar zero air sheath flow of 10 L min~!
at 20 °C and 60 % RH. Measurements were performed down-
stream of the flow tube. Particle composition and size were
measured by the EESI-TOF and SMPS (16-615nm), re-
spectively. Two different core sizes (155.8 and 226.4 nm)
of NH4NO3 particles were used for the coating experi-
ments; 4.7 £ 0.4 ppm «-pinene, as measured by a quadrupole
proton-transfer-reaction mass spectrometer (Q-PTR), was in-
jected into the flow tube from a glass vial with a zero air car-
rier flow (1 L min~1). To generate ozone, 20-200 mL min~!
zero air (60 % RH at 20 °C) was irradiated by an amalgam
lamp (185 and 254 nm; WISAG GmbH, Switzerland). Ozone
was mixed with «a-pinene to produce ozonolysis products
which condensed onto, i.e., “coated”, the NH4NO3 particles
inside the flow tube. Note that depending on the conditions,
this coating may either result in a core-shell structure or in
the formation of a homogeneous single phase, though the
exact morphology does not affect the conclusion regarding
surface extraction, as discussed below. The coating period
in the flow tube was approximately 26 £ 0.5s. The coating
thickness was controlled by varying the ozone concentra-
tion in the presence of excess a-pinene, which was measured
by a Thermo 49A ozone analyzer (Thermo Fisher Scientific,
USA) to be 20-310 ppb. This ozone concentration range was
optimized before injecting the NH4NOs3 particles to ensure
that no nucleation occurred which would have resulted in
particles consisting only of SOA. At the beginning of each
ozone concentration step, the EESI-TOF sampled the gas and
aerosol mixture through a bypass channel without denuder to
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ensure that all oxidation product signals reached steady state
(<20 min). Afterwards, routine sampling alternated between
filtered background (5 min) and particle-phase measurements
(10 min). This coating experiment was carefully designed to
achieve high condensational growth rates of about 0.8 nm s !
with negligible nucleation.

3 Results and discussion
3.1 Influence of particle size on EESI-TOF detection

Figure 1a shows a typical measurement of the EESI-TOF and
SMPS for size-selected sucrose particles. Two sheath flow
rates (5 and 15Lmin~!) at 1.4 L min~"! of particle flow rate
were used to generate size-selected sucrose particle distribu-
tions with a geometric standard deviation o of 1.4 and 1.2,
respectively. A comparison of the signals in the red windows
in Fig. 1b shows that the sucrose signal did not increase com-
mensurately with the mass concentration measured by the
SMPS (regardless of oy), as the volumetric geometric mean
diameter of the particles increased. To quantify this effect,
we define the size-dependent sensitivity S(Dp) as

I(Dp)

S(Dp) = MDD’

(1

where I(Dp) is the peak intensity of the analyte (Fig. 2)
or the total intensity of fitted organic ions (Fig. 3a)
that is normalized by the most abundant electrospray ion
([Nal +Na]t) to account for the ES fluctuation (<5 %);
M (Dp) is the mass concentration of the particles measured
by the SMPS or/and by the AMS-LTOF as a function of the
volumetric geometric mean mobility diameter Dp. To show
the relative change of the sensitivity as a function of Dp,
S(Dp) is normalized by its value at 100 nm electrical mobil-
ity diameter, defined as the normalized sensitivity, S100nm:

S(Dp)
S == 2
100mm = 00 mm) 2
The normalization by the sensitivity at 100nm,

S(Dp = 100nm), was chosen to accommodate and compare
all datasets in this study. The value of S(D, = 100nm)
was interpolated by fitting a three-parameter function
S(Dp, Pi, P2, P3) = P - Dy (P2) + P3 to S(Dp).

We investigated the normalized sensitivities of the EESI-
TOF for levoglucosan, sucrose and NH4NO3 (tracers of
biomass and anthropogenic activities in the ambient atmo-
sphere) using different EESI ionization sources and ES oper-
ating parameters that resulted in different ES parent droplet
diameters as estimated in Tables S1, S2 and S3. Figure 2
shows the normalized sensitivity of size-selected particles,
S100nm (Eq. 2) as a function of the volumetric geometric
mean diameter of the particles generated using both pure
component and mixed solutions detected under different ES
conditions (see also Fig. S6, Tables S1-S3). The S100nm for
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Figure 1. (a) Number-weighted size distribution of sucrose particles as measured by the SMPS after size selection using the AAC at two
different settings of the AAC sheath flow. The solid and dashed black lines denote the geometric mean and +1 geometric standard deviation,

og, of the number-weighted size distributions, respectively. The geometric standard deviation of the size-selected particle distribution of
sucrose is lower at the higher sheath flow of the AAC as expected. Data points of particle counts lower than 1 cm ™3 were removed. See Fig. S5
for the size-selection performance of the AAC as measured by the SMPS. (b) A representative EESI-TOF measurement that shows the time
series of sucrose normalized to the [Nal 4+ Na]* signal (most abundant ES ion) and the corresponding integrated particle mass concentration
measured by the SMPS for size-selected sucrose particles (using the integrated volume concentration and a density of 1.59 gcm_3). Red

windows indicate periods with the similar EESI signal intensity of sucrose but different particle size and mass concentration.

different types of particles decreased by up to 3 orders of Supplement Egs. (S3)—(S6) and Fig. S7. The calculated BCC

magnitude as the volumetric geometric mean diameter in- values were normalized to the BCC for 100 nm monodis-
creased from 30 to 300 nm, with some approaching a plateau perse particles, denoted as BCC1ggnm, as shown in Fig. S6a,
at larger particle sizes. The size-dependent sensitivity is ob- analogous to the normalization for Sjggnm. Most normalized
served for both single compounds and compound mixtures sensitivities (i.e., normalized total coagulated masses) corre-
(Fig. S6). late well with the BCCjgponm, as shown in Fig. 2. Smaller
Assuming that the detected ions from the size-selected par- particles have a higher BCC and are collected more effi-
ticles by EESI are generated after coagulation and extrac- ciently, contributing a higher percentage of their total mass
tion between the particles and ES droplets, the normalized to the analyte-laden ES droplets during extraction. Further-
sensitivity S100nm should be proportional to the total coag- more, the plateaus of Sjoonm at larger particle sizes could
ulated mass. The determination of the total coagulated mass be explained by the suggested behavior of BCCiponm When
requires a Brownian coagulation coefficient (BCC, computed the size of the particle is similar to the actual ES droplet
from the particle and ES droplet size), the number concentra- size or partly to the estimated ES parent droplet size in
tions and the residence time. However, the actual ES droplet our study. The high deviation of size-dependent sensitivity
size distribution could not be measured using other physi- (~50%) for D,>200nm is likely due to the variation of
cal processes because these additional processes could alter the actual ES droplet size distribution in different calibration
the ES droplets properties and affect the electrospray ioniza- runs, which can deviate from the estimated ES parent droplet
tion. Therefore, we could only calculate the BCC for differ- size. Knowledge of the actual ES droplet size distribution is
ent size-selected monodisperse particles assuming ES parent needed to further explain the variabilities but are beyond the
droplet sizes of 0.5, 1.5 or 5 um. These three chosen ES par- scope of the current study.
ent droplet sizes represent the likely range of the actual ES It is intuitive that the total coagulated mass for extraction is
droplet sizes, which is theoretically estimated from our ES also dependent on the residence time for coagulation between
operating parameters as summarized in Table S2, based on the particles and the ES droplets during electrospray ioniza-
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Figure 2. Sensitivities of the EESI-TOF towards various standards
normalized to their respective values at 100nm as a function of
the particle volumetric geometric mean diameter. Blue and yellow
markers indicate EESI sources A and B, which were initially devel-
oped for TOF and Orbitrap mass analyzers, respectively (Lopez-
Hilfiker et al., 2019; Lee et al., 2020). Different marker types
(@), (W), (+) denote levoglucosan, NH4NO3 and sucrose, respec-
tively. The Brownian coagulation coefficients are calculated using
the range of ES parent droplet sizes estimated based on our ES op-
erating parameters (Figs. S6 and S7). Note that some of the data
points may overlap at the similar volumetric geometric mean diam-
eter due to repetitions of the same experiment settings.

tion. A longer residence time would allow for a higher per-
centage of the particle total mass to be extracted; i.e., the co-
agulation of smaller particles would saturate, while the coag-
ulation of larger particles would continue, which would result
in a smaller range of size-dependent total coagulated mass
(shallower size-dependent sensitivity). We examined this hy-
pothesis by using an EESI source B which provides a fac-
tor of 2 longer residence time in the electrospray ionization
region. As shown in Fig. 2, the sensitivity size dependence
resulting from EESI source B (yellow markers), which has
twice the residence time as EESI source A, is significantly
shallower than the one from EESI source A (blue mark-
ers), consistent with our hypothesis. Overall, Fig. 2 suggests
that the size-dependent sensitivity (total coagulated mass) is
dependent on the Brownian coagulation coefficient, which
varies with the ES droplet size (and therefore ES operating
parameters), as well as the residence time for coagulation.
Such size dependence suggests that the ionization of analyte
particles in the EESI proceeds through coagulation at a cer-
tain size-dependent efficiency, e.g., partial coalescence be-
tween particles and ES droplets, as reported by the previous
studies (Wang et al., 2012; Kumbhani et al., 2018; Pagonis et
al., 2020).
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Figure 3. (a) Normalized sensitivity of the EESI-TOF calculated
from the sum of high-resolution fitted organic ion signals and the to-
tal particle mass concentrations as a function of the volumetric geo-
metric mean diameter over the course of new particle formation and
growth of «-pinene (AP) ozonolysis SOA. See Figs. S8, S9 and S10
for more information. (b) Normalized sensitivity of the EESI-
TOF intensity divided by the FIGAERO-CI-TOF-MS intensity for
C1oH1603_g molecules in the particle phase as a function of the
volumetric geometric mean diameter. Different marker types [, %,
O, + indicate different SOA formation conditions, i.e., at —30°C
and 20 % RH, —50 °C and 20 % RH, —50 °C and 60 % RH, —30°C
and 60 % RH, respectively. The saturation concentration was esti-
mated as loglo(co) = (n(c) —n¢)be —nobo —2-beo(neno)/(ne +np)
from the number of carbon and oxygen (n¢, o) and coefficients (bc,
bo, bco) provided in Donahue et al. (2011).

Konermann et al. (2013) reported that the electrospray
droplet evaporation can be affected by the size and the po-
larity of analyte molecules, while Meier et al. (2011) sug-
gested that the extraction efficiency of EESI can depend
on the volatility of analyte molecules. We investigated the
EESI sensitivity size dependence for a complex mixture
of internally mixed «-pinene oxidation products formed in
the CLOUD chamber, to evaluate whether such dependence
varies with analyte volatilities, e.g., if volatile species prefer-
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entially evaporate from smaller particles before their subse-
quent ionization. We generated unimodal size distributions
of secondary organic aerosol (SOA) with volumetric geo-
metric mean diameters ranging from 17 to 137 nm (Figs. S8
and S9). Figure 3a shows the normalized sensitivity of the
sum of the organic ions measured by the EESI-TOF after
high-resolution peak fitting, S100nm. as a function of the mea-
sured particle size. S1ponm decreases from a value of 6 at
Dp =17nm to ~ 1 at Dp = 110 nm. The change in normal-
ized sensitivity is similar to the results obtained for individ-
ual chemical standards presented in Fig. 2 for EESI source
A. To examine whether there is a composition dependence on
the EESI extraction, we compared the signals of C19H1603_g
compounds measured by the EESI-TOF and the FIGAERO-
CI-TOF-MS from SOA produced at different temperatures
and RH in the CLOUD chamber as shown in Fig. 3b (see
also Fig. S10).

The linear behaviors of different measured species be-
tween the EESI-TOF and the FIGAERO-CI-TOF-MS for
17nm < D, < 80nm in Fig. 3b show that the relative abun-
dances of the sampled aerosol chemical composition are
similar and comparable for both instruments with negligi-
ble re-volatilization of particles at two different sampling
points. Thermal decomposition may affect the absolute quan-
tification of particle-phase compounds by the FIGAERO-CI-
TOF-MS (Stark et al., 2017). However, to the best of our
knowledge, no size dependence has been reported in the lit-
erature for this thermal artifact, which should be canceled
after sensitivity normalization comparison in relative scale
for each species of FIGAERO-CI-TOF-MS. The sensitiv-
ity size dependence appears to be similar for C;oH1603_3
compounds with estimated saturation vapor concentrations
ranging from 10736 to 106 ugm=3. Both results from size-
selected chemical standards (Fig. 2) and chemical resolution
comparison between EESI-TOF and FIGAERO-CI-TOF-MS
using a complex SOA mixture indicate that the EESI sen-
sitivity size dependence is a function of the Brownian co-
agulation coefficient rather than molecular size, polarity or
volatility. Aside from the size dependence, we did not ob-
serve any systematic RH influence on the EESI sensitiv-
ity for size-selected chemical standards (30 %—40 % RH)
and a-pinene SOA (20 % and 60 % RH). This is consistent
with the findings by Lopez-Hilfiker et al. (2019), where RH
does not systematically affect EESI sensitivity but instead
shows molecule-dependent effects where, within an inter-
nally mixed particle, the sensitivity of certain molecules may
increase with RH while others decrease. The enhancement
in EESI sensitivity for wet aerosol over dry aerosol was re-
ported in a previous study (Kumbhani et al., 2018). If EESI
extraction is limited to the surface of the analyte aerosol, the
aerosol water content may mobilize surface species to facili-
tate dissolution. However, the lack of RH dependence for our
EESI setup indicates that such surface extraction limitation is
absent in our study.

https://doi.org/10.5194/amt-14-5913-2021

3.2 Influence of particle coating thickness on EESI
sensitivity

Limited surface extraction, approximately 2—4 nm in depth,
of the particles was reported for some ESI source designs
(Kumbhani et al., 2018; Wingen and Finlayson-Pitts, 2019).
If such an effect were present in the EESI-TOF design used
in the current study, it could also appear as a size-dependent
sensitivity. This would mean that a smaller fraction of the an-
alyte volume is extracted as the particle diameter increases
and that the EESI sensitivity scales with the particle sur-
face area rather than the volume. To determine the potential
contribution by surface extraction to the observed sensitivity
size dependence, we investigated the extraction efficiency of
NH4NOj3 particles of 156 and 226 nm in diameter before be-
ing coated by the «-pinene oxidation products using source
A. Source A was chosen because it has the greatest extent
of size-dependent sensitivity in comparison to source B. The
core NH4NOj3 sizes were chosen as the size-dependent sen-
sitivity decreases by less than 15 % from 155 nm to 250 nm
for single and mixed component particles (Fig. 2). The coat-
ing thickness on the NH4NOj3 particles ranged between 12
and 26 nm, with a coated organic mass concentration up to
31 ugm™3 (Fig. S11).

If extraction were limited to the particle surface, the EESI
signal for NH4NO3, i.e., [NaNO3 +Na]™, should decrease
similar to the size-dependent sensitivity (Fig. 2) that is exhib-
ited by source A. For instance, if the coated particles were of
core-shell morphology, then the extraction of the NH4NO3
core would be limited by the thickness of the organic coating
and the ES extraction depth. Alternatively, if the coated parti-
cles were homogeneous inorganic—organic mixtures, then the
detected NH4NO3 signal would still decrease in proportion
to the decreasing NH4NO3 mass fraction as the condensed
organic mass increases. In Fig. 4, we show the signals of
NH4NOj3 and selected organic molecules with low volatil-
ity as a function of the coating volume (normalized to their
respective minimum coating volume separately for each of
the NH4NO3 particle core sizes). The coating signal from
C10H1606-g is proportional to the coating volume, whereas
the NH4NO3 particle signal remains constant with increas-
ing coating thickness for both core sizes (see also Fig. S12).
This proportionality also demonstrates that the condensable
species as a coating substance is not limited by the mean ox-
idation states of oxidation products because there is no de-
crease of the CigH40¢ for an increase of CigH;0g. Our
results suggest that there is no surface extraction limitation
for particles up to at least 250 nm in diameter for the EESI
inlet designs used in the current study. Prior reporting of sur-
face extraction limitation may stem from the specific EESI
configuration or experimental method used, which relied on
the comparison of EESI and ESI measurements (Kumbhani
et al., 2018), where the differences in dissolution/extraction
timescale and sample preparation between EESI and ESI
techniques could contribute to the discrepancies observed.
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Figure 4. Relative changes of «-pinene ozonolysis products coated
on NH4NO3 particles at 156 (®) and 226 nm (L) core sizes. The
coating volume (x axis) measured by an SMPS is normalized by
the smallest coating volume, and the coating signals (y axis) of
C10H1606_g molecules as measured by the EESI-TOF are normal-
ized by the signals observed at the smallest coating volume. The
largest coating thicknesses are 19.8 and 26.8 nm for 156 and 226 nm
core sizes of the NH4NO3 particles, respectively. The black line de-
notes a relative change of the coating signal and volume equal to 1.

4 Conclusion

We explored the dependence of the EESI sensitivity on par-
ticle size using individual chemical standards and chemical
mixtures with two different EESI source designs. We show
that the EESI sensitivity decreases as the size of the particles
increases. The sensitivity size dependence correlates with the
Brownian coagulation coefficient and the residence time for
coagulation. The results suggest that the particles undergo
coalescence with the ES droplets as suggested in previous
studies (Law et al., 2010; Wang et al., 2012), but the effi-
ciency of the coalescence is limited by the coagulation coef-
ficient, which depends on the particle and ES droplet sizes.
From a comparison with the FIGAERO-CI-TOF-MS online
measurements, we show that the EESI sensitivity size de-
pendence is also present for internally mixed secondary or-
ganic aerosol made of molecules with volatilities varying by
approximately 10 orders of magnitude. While the total ex-
tracted mass is related to the size-dependent Brownian co-
agulation coefficient (i.e., not all particles of different size
can coalesce with all the electrospray droplets), coating ex-
periments show that the volume of particles, once coagu-
lated with the ES droplet, is fully extracted up to a size of
250 nm for our EESI configuration instead of limited sur-
face extraction reported by the previous work (Kumbhani et
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al., 2018). Future work should investigate the EESI response
to coarse-mode particles (with Dp>1um), elucidate the re-
lationship between size-dependent sensitivity behavior and
different chemical mixtures, and search for an optimal res-
idence time for coagulation in the EESI source to achieve
the least steep size-dependent sensitivity for the particle size
range of interest. EESI users should be cognizant of the size-
dependent sensitivity during their experiment design and data
analysis. Such size dependence is especially relevant when
studying aerosol formation and growth or when studying ex-
ternal mixtures of particles of distinct sizes. However, such
an effect is not expected to substantially influence the detec-
tion of ambient aerosols dominated by well-mixed accumu-
lation mode particles.
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20 Figure S1. (a) EESI-TOF inlet compatible with the Tofwerk TOF system. (b) EESI-Orbitrap inlet compatible with
the Thermo Fischer Scientific Orbitrap and Tofwerk TOF systems. Note: The charcoal denuder is not included in
the picture (b). Source A was developed by the Laboratory of Atmospheric Chemistry, Paul Scherrer Institute,
Switzerland (LAC-PSI) in collaboration with TOFWERK AG, Switzerland. Source B was development by LAC-
PSI in collaboration with IRCELYON, France (Lopez-Hilfiker et al., 2019; Lee et al., 2020). The approximate

25 distance between the tip of the spray capillary and the heated ion transfer tube at the mass spectrometer interface
is shown in the insets. The ESI probes of the EESI sources have the similar inclination of 30° from the horizontal
axis at the mass analyzer capillary. Both EESI sources were deployed on the same mass analyzer with the same
sampling flow of 0.8 L min™! for the whole experiment.
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Figure S2. Schematic of the experimental setup for size-dependent sensitivity of the EESI-TOF. Red lines indicate
the schematic layout of the EESI-TOF ionization inlet with additional two two-way valves and tubing manifolds
prior to the electrospray ionization region for two different settings: (1) with charcoal denuder only and (2) with

charcoal denuder and HEPA filter. Blue lines indicate the setup, which is used for the size-dependent sensitivity
experiment.
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Figure S3. Schematic diagram of the CLOUD-14 experiment at CERN, modified from Kirkby et al. (2011).

CLOUD chamber. The CLOUD facility provides suitable conditions to study new particle formation (NPF) under
atmospherically relevant conditions, using the well-characterized cylindrical stainless-steel chamber (CLOUD
chamber) with ultra-low contamination level and equipped with state-of-the art instrumentation (see Figure S3).
The CLOUD chamber is an electro-polished stainless-steel cylindrical chamber of 3 m diameter, ~4 m height and
26.1 m® inner volume, positioned inside a thermal housing (Kirkby et al., 2011). A continuous flow of synthetic
air from evaporation of cryogenic liquid nitrogen and liquid oxygen at a volume mixing ratio of 79:21 is injected
to the chamber to balance the experiment sample flow. When all the instruments are connected to the CLOUD
facility, the total air flow rate is typically 270 L min’!, resulting in a dilution lifetime of 1.6 h in the chamber.
Humidity of the chamber is adjusted by passing the air through a Nafion® humidifier using ultrapure water (18
MQ cm, Millipore Corporation).

The relative humidity of the chamber is determined by dew point mirrors (EdgeTech). Ozone (O3) is generated by
exposing a small fraction of the air through a quartz tube surrounded by UVC lamps (wavelength <240 nm) and
added to the inlet chamber flow. For NPF experiments, the chamber is operated at 5 mbar above atmospheric
pressure using a pressure regulated valve. Two counter-rotating stainless-steel fans are mounted on the roof and
bottom of the chamber to enable a uniform mixing inside the chamber. Under typical NPF experimental conditions,
the fans are operated with 12% fan speed, resulting in a wall loss lifetime of 0.002 s™! for sulfuric acid. A typical
experiment in CLOUD is running in continuous mode, so precursors are constantly injected into the chamber. An
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experiment starts when the particle concentration inside the chamber is low enough for the measurement and
precursor gases such as SO, and / or volatile organic compounds (VOCs) have reached the intended concentration.

Chemical reactions start by turning on UV lights or by mixing VOCs with oxidants such as ozone.
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Figure S4. Schematic of the experimental setup for coating experiments using a-pinene oxidation products from
a flow tube reactor. Inorganic particles (NH4NO3) are injected into the flow tube which act as condensation sink
for the low-volatility oxidation products. Red lines indicate the schematic layout of the EESI-TOF ionization inlet
with additional valve and tubing manifolds prior to the electrospray ionization region for three different settings:
(1) open straight tube (without denuder and HEPA filter), (2) with charcoal denuder only, (3) with charcoal denuder

and HEPA filter. Blue lines indicate the setup that is used for the coating experiment.
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Figure S5. Measured volumetric geometric mean diameter by the SMPS as a function of selected size by the
Aerosol Aerodynamic Classifier for levoglucosan particles. The SMPS measurement was corrected by applying
the ion mobility ratio for air, which is 1.2/1.4. The AAC aerodynamic diameter was corrected according to the
density of levoglucosan described below. The full width at half maximum (FWHM) of the measured particle size
distribution by the SMPS is indicated by the y-axis uncertainty marker. The blue dotted-line indicates the linear fit
with goodness of fit R = 0.999.

For spherical particles, the aerodynamic diameter D, is defined as

_ ,PPCC(DP)
Dae = De PoCc(Dae)

where C.(D) is the Cunningham slip correction factor applied to diameter D, and Dqe, D, is the diameter measured

(Eq. S1)

by a differential mobility particles sizer, p, = 1000 kg m~ and pp the density of the particle. To simplify the

relationship shown in Figure S5,

2 _ |fo (Eq. S2)

Dge PP
For the case of levoglucosan particles pp = 1690 kg m™, the ratio of ,Z—°= 0.769. After the correction of the
P

aerodynamic diameters using levoglucosan density, the slope measured in Figure S5 is within an uncertainty of

5%.
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calculated assuming different parent

electrospray droplet diameters (Dgs). The particle diameter is plotted along the x-axis. The Dgs values were chosen

to cover the expected range (0.5 pum and 5.0 pm) and median (~1.5 um) sizes of the actual electrospray droplet

generated in this study (Table S3). Dgs is the electrospray parent droplet diameters that were estimated using

scaling laws shown in Figure S7, assuming that the ES is operating in the Taylor cone jet mode (Gafian-Calvo et

al., 2018). As done in-text for the measured sensitivities, the normalized BCC values (relative to that for 100 nm

particle), BCCjoonm are also shown. (b-d) size-dependent sensitivity measurements using individual and internally-

mixed (mixture) chemical standards, i.e. (b) levoglucosan, (c) NH4NOj3 and (d) sucrose. A and B denote the types

of the EESI source used as depicted in Figure S1. The estimated Dgs value for a given the experimental condition

(Table S2) is also shown in the legends. LF, MF and HF denote low, medium and high ES capillary flow as

100 nm were measured by an LTOF-AMS.

tabulated in Table S2. The mass concentration for internally mixed levoglucosan and NH4NOjs particles with D), >

S7



95

100

105

@ Water 1 (Chen 1995) @ Water 2 (Chen)
100 + 5 © Water 3 (Chen) @ Water 4 (Chen)
® EG3 (a) (Rosell 1994) ® EG3 (b) (Rosell)
@ EG3 (c) (Rosell) O EG3 (d) (Rosell)
@ EG3 (e) (Rosell) ¢ EGH4 (a) (Rosell)
¢ EG4 (b) (Rosell) A Acetone (G-C 1997)
10 + A Methanol (G-C) A Ethanol (G-C)
@ Butanol (G-C) A Octanol (G-C)
,ﬁo ¢ Dioxane + 10% W (G-C) @ Dioxane +25% W (G-C)
% 4 Dioxane + 66% W (G-C) ¢ Dioxane + 2% FM (G-C)
¢ Dioxane + 4% FM (G-C) B Heptane K=4.5 (G-C)
1 @ Heptane K=1.9 (G-C) B Heptane K=0.77 (G-C)
O TBP 1 (Gamero 2002) O TBP 2 (Gamero)
O TBP 3 (Gamero) O TBP 4 (Gamero)
@ TBP 5 (Gamero) % EMI-Im (Gamero 2008a)
®  EMI-Im (Gamero 2008b) ® n-butOH 1 (Hartman 1999)
01 L L i e ® but-ona (Hartman 2000) Isopar+ButOL (Hayati 1987)
: ‘ ‘ ‘ ‘ ¥4 Propanol (NRM 2013) ¥4 Butanol (NRM 2013)
0.01 0.1 1 10 100 1000 10000 ¥4 Decanol (NRM 2013) ¥¥  Dodecanol (NRM 2013)
00, ¥ Octanol (NRM 2013) = = =Scaling law

Figure S7. Scaling laws for predicting the orders of magnitude of the size d of the emitted ES charged droplet

based on the flow rate O for 39 types of electrospray working solutions. The predicted diameter d is denoted as

d=dy/Q/Q, (Gainan-Calvo et al., 2018).

Dgs shown in Figure S6 is calculated by from O, Qp and dy. Q is the calculated flow rate using the Hagen-Poiseuille
equation:

Aan4
8uL

Q= (Eq. S3)

where Ap is the pressure difference applied to the ES bottle reservoir, R is the inner radius of the ES capillary, L
is the length of the ES capillary (80 cm) and y is the dynamic viscosity of the ES working solution. The dynamic
viscosity of HyO:ACN (50:50 v/v) and H,O at 25 °C are 0.65 and 0.89 mPa s, respectively. See Table S1 for other
variables. Qy and dy are defined as

o0&y /(PK)
[oed/pK?]*/? (Eq. S4)

Qo
do

where o is the surface tension, p is the density and K is the electrical conductivity of the electrospray working

solutions.
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Table S1. Physical properties of the electrospray solvents.

Physical Properties of the Electrospray Solvents

Types of ES Solvent

Surface tension ¢ (N m™)

Volumetric Density p (kg m™)

Electrical Conductivity K (S m™)

H20:ACN (50:50 v/v)

0.0514

842.54

0.000252

H20

0.072

997

0.0005

When all the variables are determined, Dgsis estimated as (Gafian-Calvo et al., 2016, 2018)

Dgg = do\/ Q/Qo-

(Eq. S5)

Table S2. Size dependence experiments for different chemicals, EESI source and ES operating parameters. Levo#,

AN# and Suc# indicate different levoglucosan, NH4NOj3 and sucrose experiment runs, respectively.

Index | EESI ES ES ES ES solution Nebulization | ES Flow
no. Source voltage | pressure capillary solution Rate, Q (nL
Designs (kV) (mbar) inner min)
diameter
(pm)

Levol | A 2.6 200 50 H>O:ACN Mixed 354

+ AN1 (50:50 v/v)

Levo2 | A 2.9 800 100 H>O:ACN Mixed 22655

+ AN2 (50:50 v/v)

Levo3 | A 2.95 200-400 | 75 H>O:ACN Single 1792-3584
(50:50 v/v)

Levo4 | A 2.88 200-400 | 75 H>O Single 1309-2617

AN3 A 2.95 200-400 |75 H>O:ACN Single 1792-3584
(50:50 v/v)

AN4 A 2.9 600 75 H>O:ACN Mixed 5375

+ Sucl (50:50 v/v)

ANS A 2.9 600 75 H,O:ACN Single 5375
(50:50 v/v)

Levo5 | B 2.8 120-250 | 75 H>O:ACN Single 1075-2240
(50:50 v/v)

Levo6 | B 3 120-250 |75 H>O:ACN Single 1075-2240
(50:50 v/v)

Levo7 | B 3 120-250 |75 H>O:ACN Single 1075-2240
(50:50 v/v)

Levo8 | B 2.9 120-250 |75 H>O:ACN Single 1075-2240
(50:50 v/v)

Levo9 | B 2.9 120-250 |75 H>O:ACN Single 1075-2240
(50:50 v/v)
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Table S3. Estimation of electrospray (ES) parent droplet size and number concentrations using the median of the
ES flow rate. The estimated ES parent droplet number flux was used for the estimation of coagulation rates between

120 ES droplets and particles.

Index no. ES Flow | Estimated ES Parent | Estimated ES Parent Droplet
Rate, Q (nL | Droplet Size, Dgs (um) Number Flux Ngs, Q/Dgs (s™)
min™)

Levol + AN1 | 354 0.70 32.9-10°

Levo2+ AN2 | 22655 5.66 4-10°

Levo3 1792-3584 1.59 14.2-28.3-10°

Levo4 1309-2617 1.45 13.7-27.3-10°

AN3 1792-3584 1.59 14.2-28.3-10°

AN4 + Sucl | 5375 2.76 8.1-10°

ANS5S 5375 2.76 8.1-10°

Levo5 1075-2240 1.53 9.6 -20-10°

Levo6 1075-2240 1.53 9.6 -20-10°

Levo7 1075-2240 1.53 9.6 -20-10°

Levo8 1075-2240 1.53 9.6 -20-10°

Levo9 1075-2240 1.53 9.6 -20-10°
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The coagulation coefficients K;» were calculated using the Fuchs form of the Brownian coagulation coefficient

(Seinfeld and Pandis, 2016).

-1
Dp1+D 8(D1+D3)
K, = 2n(Dy + D,)(D,; + D ot 22 Eq. S6
" ( ' 2)( 7 p2) (Dp1+Dp2+2(g%+g§)1/2 (C_12+522)%(Dp1+Dp2) (Fa )
where
_ [8kzT\'?
&= (o)
mm;
. 8D;
LT T[C_‘i
V2 3 3/2
9i=w[(l)pi+li) = (D +17) ]—Dpi
_ kpTC.
L= 3TuDy;

and C,is the Cunningham slip correction factor. D,; is denoted as Dgs (Eq. S5, Table S3) with the density of the
electrospray solution (Table S1) and D, is denoted as the mid-size of the measured j-th bin of the size-selected
particle size distribution with the density of the particle. For clarity, K;> is hereafter referred to as Kgs,s.
The coagulation rate J;, between the ES parent droplets and analyte particles can be calculated as

Jiz = Ngg Z?ﬁ KES,]N] (Eq. S7)
where Ngs is the estimated ES parent droplet number flux (Table S3), K ; is the calculated Brownian coagulation
coefficient (Eq. S6) and N; is the number concentration of the measured j-th bin of the size-selected analyte particle
size distribution. Please note that Eq. S7 does not take into account of potential inhomogeneity of ES droplet and

particle distributions during coagulation.
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Figure S8. SOA formation experiments in the CLOUD chamber. (a) SMPS measurements of the number-weighted
size distribution. (b) Raw EESI-TOF total ion counts (TIC) after high-resolution peak fitting and total mass
concentrations measured by the SMPS with an effective mass density of 1.3 g cm™. (c) EESI-TOF TIC normalized
by the mass concentration measured by the SMPS, and the geometric mean diameter. (d) EESI-TOF TIC
normalized by the mass concentration measured by the SMPS, and the full width at half maximum (FWHM) of
the volume-weighted size distribution. Shaded areas depict the period during new particle formation events where

EESI size-dependent sensitivities are observed as shown in Figure 3.
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Figure S9. (Top sub-panel) SMPS size distributions and (bottom sub-panel) sum of the high-resolution fitted ions
of EESI normalized by the mass concentration measured by the SMPS for a-pinene (AP) SOA formation
150 experiments in the CLOUD chamber at four different conditions. (a) AP SOA formation at -30°C and 20% relative
humidity (RH). (b) AP SOA formation at -50°C and 20% RH. (c) AP SOA formation at -50°C and 60% RH. (d)

AP SOA formation at -30°C and 60% RH.
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Figure S10. Measurements of Ci9H603.s in the particle phase. EESI-TOF to FIGAERO-CI-TOF-MS normalized

sensitivity for AP SOA formation experiments in the CLOUD chamber at four different conditions.
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Figure S11. Coating of NH4NOj; particles using oxidation products of a-pinene ozonolysis. (a) Size distribution
of the coated NH4NO; particles. (b) Volume weighted geometric mean diameter and mass concentration measured
by the SMPS. (¢) Signals of NH4sNOj particles and particle-phase CioH603 molecules. (d) Signals of NHsNO;

particles and particle-phase CioHs0s molecules.
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