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Section S1. Materials

Acetonitrile (Sigma-Aldrich, UV grade), sodium iodide (Sigma-Aldrich, 99.7% purity) and milli-Q
water were used to prepare the electrospray (ES) solution. Polyimide-coated fused silica capillary (i.d.
75 um, o.d. 369 um; BGB Analytik, Boeckten, Switzerland), HEPA capsule filter (Pall Corporation),
and charcoal denuders (lonicon GmbH, Austria) were used for the electrospray ionization inlet. Ethyl
acetate (Sigma-Aldrich, 98% purity), ethyl propionate (Sigma-Aldrich, 98% purity), 3-pentanone
(Sigma-Aldrich, 98% purity), camphor (Sigma-Aldrich, 98% purity), hydroxyacetone (Sigma-Aldrich,
98% purity), cis-pinonic acid (Sigma-Aldrich, 98% purity), sebacic acid (Sigma-Aldrich, 98% purity),
levoglucosan (Sigma-Aldrich, 98% purity), iodic acid (Sigma-Aldrich, 98% purity), sucrose (Sigma-
Aldrich, 98% purity), ammonium nitrate (Sigma-Aldrich, 98% purity), ammonium sulfate (Sigma-
Aldrich, 98% purity) were used as the chemical standards for the calibration and SOA formation

experiments.
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Section S2. Dual-EESI Inlet Sampling Performance
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Figure S1. Dual-EESI denuder removal efficiency for camphor gas with a concentration of 100 ppbv at
different sampling flows.

oo
o

~
o

[«2]
o

N
o

Gas Sampling Efficiency in
Total Phase Channel (%)
w a
o o

N
o

o 1 2 3 4 5

Sampling Flow (L min'1)
Figure S2. Measurement of semivolatile (CsH1,04) sampling efficiency in Dual-EESI total-phase (TP)
channel (L: 700 mm, OD: 10 mm and ID: 8 mm) at different sampling flows using an acetate-CIMS.
The CoH1,04 was generated by OH- oxidation of 1,2,4-trimethylbenzene at 30% RH and room

temperature. The gas sampling efficiency is defined as the ratio between the CyH1204 concentration after
and before the Dual-EESI total-phase (TP) channel.
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Figure S3. (a) Sampling efficiency of particles at different sampling flows in TP channel of Dual-EESI
measured by an SMPS. We used a theoretical calculation (based on Gormley et al. (1949)) to fit the
measured particle sampling efficiency of TP for particle size ranges between 1-20 nm (Gormley and
Kennedy, 1949). (b) Camphor measurement of Dual-EESI at different sampling flows (3 - 9 L min™) as
colored. The sampling sequences were indicated by the color shades with 5 minutes of total-phase (TP)
measurement (blue shade), 1 minute of particle-filter phase (FP) measurement (red shade), 5 minutes of
particle-phase (PP) measurement (green shade), and 1 minute of FP (red shade) cycle.
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Figure S4. Sampling efficiency of particles at different sampling flows in PP channel of the Dual-EESI
measured by an SMPS.
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Figure S5. Measurement response changes of CoH1,04.5 (log(c”) = 0.06 and -1.97 ug m, respectively,
calculated using molecular formula according to (Donahue et al, 2011)) when UV lamp was turned
on/off for OH- oxidation of 1,2,4-trimethylbenzene at 30% RH and room temperature for different Dual-
EESI inlet tubing materials. The measurements were acquired with 1 Hz measurement resolution and
post-averaged by 20 seconds as presented here. The oxidation product signal was measured by an Eisele-
type atmospheric pressure chemical ionization inlet (Nitrate-CIMS) connected after the Dual-EESI inlet
at 10 L min® sampling flow. SilcoNert 2000 is stainless-steel tube coated with functionalized
hydrogenated amorphous silicon (SilcoNert Inert Coating, Silcotek GmbH).
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45  Figure S6. Pressure drops in different sampling channels of the Dual-EESI where three different types
of particle filters were characterized in the particle filter channel.

Section S3. Experimental setups
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Figure S7. Experimental setup for proof-of-principle measurements of the Dual-EESI using different
50  sampling sequences. Camphor gas from a permeation source was mixed into a stream of levoglucosan
particles generated by a nebulizer.
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Figure S8. Experimental setup for particle-phase calibration of the Dual-EESI.
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Figure S9. Vaporjet from MicroFab Technologies. (a) View of the microjet dispenser where the droplets

are dispensed and evaporated by the white heater. (b) The whole instrument is equipped with different
pressure regulators and a stroboscopic camera (VaporJet, MicroFabTechnologies).
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Figure S10. Experimental setup for the Dual-EESI matrix effect measurements by testing a decreasing
camphor gas concentration at a constant iodic acid and levoglucosan particle injections.
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Figure S11. Schematic of the experimental setup for a-pinene new particle formation in a flow tube

reactor.

S7



75

80

Zero
Air

AL mint

Ozone
Generator

ol
1L miny, [ UVC Lamp,

-6
L min™

4Lmin*

Water
Bubbler

1L min™

T

VOCPermeation
Source

SC-2X Autosampler

TSI Electrostatic

Classifier 3080
DMA3081

Dual-Phase-EESI-

TOFWERKTOF

s Chemicalinii

-0.3
L min*

s lonization: TOR 1

-0.1L min™

Figure S12. Schematic of the experimental setup for coating experiments. 1,3,5-trimethylbenzene was
oxidized in the first flow tube that is surrounded by UV-B lamps. Inorganic particles ((NH4).SO.) are
injected into the second flow tube that act as condensation sinks for the low volatility gases that were
produced from the first flow tube.

Table S1. Ammonium sulfate nebulization solution concentration with the calculated condensation sink
by using the number size distribution of the particle as measured by an SMPS. The condensation sinks
were calculated according to the several works mentioned here (Krechmer et al., 2017; Kulmala and

Wagner 2001).

Index Nebulization Solution | Volumetric ~ Geometric | Mass concentration | Calculated

no. Molarity (mol L) Mean Diameter (nm) (ng m3) Condensation Sink (s%)
1 0.25 91.4 680 0.0770
2 0.5 105.5 1125 0.1075
3 0.75 109.4 1319 0.1185
4 1 121.9 1459 0.1291
5 15 126.3 1855 0.1574
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g5  Section S4. Dual-EESI Characterization
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Figure S13. Dual-EESI measurements of levoglucosan and camphor after 10 seconds of pre-averaging.

Different ratios of background-to-sampling measurement periods (A, B, C, D and E as tabulated in Table

S2) were tested for total-phase (blue marker), particle-phase (green marker) and particle filter (red
90  marker) channel measurements.

Table S2. Sampling periodicity for different sampling sequence type between total-phase, particle-phase
and particle filter channels.

Sequence | Total- Particle- Particle Filter Background/  Sampling

Type Phase Phase Channel, Measurement Period Ratio
Channel Channel Background
(minute) (minute) (minute)

A 1 1 1 1

B 2 2 1 0.5

C 5 5 1 0.2

D 10 10 1 0.1

E 30 30 5 0.17
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Figure S14. Performance of Vaporjet for vaporizing semi-volatile species in aqueous droplets as a gas
generation system to calibrate the Dual-EESI. The performance was demonstrated by the comparison of
the measured concentration from proton-transfer-reactor mass spectrometer to the theoretically
calculated concentration by assuming that the generated droplets are spherical and fully evaporated on
the white heater of the Vaporjet (see Figure S9).
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Figure S15. Matrix effect measurement of decreasing gas concentration at constant particle
concentration of the Dual-EESI. (Left axis) Relative change of measured intensity from constant
nebulization of 0.5 ppm levoglucosan and 0.5 ppm of iodic acid solution with (Right axis) increasing
injection flow of camphor permeation source at constant permeation rate. Inset figure shows the

camphor measurement comparison between the Dual-EESI (TP measurement) and PTR-TOF.
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Section S5. SOA formation additional figures
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Figure S16. a-pinene SOA formation experiment. (a) Measurement of a-pinene concentration by Q-
PTR and ozone concentration by an ozone analyzer. (b) Reacted a-pinene concentration is estimated by
multiplying 1.8 on the reacted ozone concentration as the function of condensation sink calculated from
the particle number size distribution using an SMPS (Zhang and Zhang, 2005).
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Dual-EESI: Gas-Phase Species

Dual-EESI: Particle-Phase Species
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Figure S17. Comparison of (left figures) gas- and (right figures) particle-phase measurements of Dual-
EESI for AP SOA mass concentration ranging from 6 — 247 ug m.
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Figure S18. Dual-EESI measurements at different condensation sinks for TMB oxidation products. The
condensation sink was increased due to the increasing concentration of injected ammonium sulfate
particles (see Table S1). The sampling sequence is indicated by the color shade as (blue shade) TP,

120  (green shade) PP and red shade (FP). The white shades (2 stages) denote the condensation sink stages
where no condensation seeds (ammonium sulfate particles) were injected as blank measurements to
show that there is no measurable condensation of TMB oxidation products.
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Dual-EESI: Gas-Phase Species

Dual-EESI: Particle-Phase Species
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Figure S19. Comparison of (left figures) gas- and (right figures) particle-phase measurements of Dual-
EESI for TMB SOA at constant oxidized gas species production rate with increasing condensation sink

from 0.08 t0 0.16 s,
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Figure S20. Comparison of the relative changes in the gas- and particle-phase measurements using the
Dual-EESI after subtraction and normalization by their respective maxima. All data points were color-
scaled by the saturation concentration estimated by Donahue et al. (2011). (Left-panel) SOA formation
using a-pinene as precursor and ozone as oxidant, the condensation sink increased due to the increased

130  formation rate of SOA from increasing production rate of oxidation products (Cs.10H12-1601.8). (Right-
panel) SOA formation using 1,2,4-trimethylbenzene as a precursor and OH as oxidant. The SOA
formation rate was increased due to increased injection of condensation sinks at a constant production
rate of the oxidation products (C7-9Hs-1601-7). Note that similar molecules (See Table Table S3) were
chosen purpose for this comparison using the same saturation concentration estimation

135  parameterization. The condensation sinks were calculated as in the reported works (Krechmer et al.,
2017; Kulmala and Wagner, 2001).
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Table S3. Molecules that are included for AP and TMB SOA.

AP SOA TMB SOA
CgH1201.7 | CoH1403.8 | C7Hg0o.3 CoH120257
CsH1301.2 | CoH1603.8 | C7H1002358 | CoH1303.4
CsH140159 | C10H12038 | CsH1002-4 | CoH1403.6
CsH1602.5 | C10H14038 | CgH12025 CoH15046
CoH1203.8 | C1oH16038 | CsH14046 | CoH1604-5

CoHgO3

Section S6. Gas- and particle-phase sensitivity calculation
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Figure S21. Dual-EESI measurements of gas- and particle-phase of CsH14Os at different condensation
sinks under a constant TMB oxidation rate for calibration of gas/particle sensitivity response of the
Dual-EESI. There are 7 stages of condensation sinks shown above where no ammonium sulfate seeds
were injected for these two stages (01:14 - 01:55 and 03:45 - 04:18). These two stages were used to
make sure that the background measurements remain the same, showing no TMB SOA is produced
when the seeds are not injected.
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5 different seed concentrations with condensation sink (Table S1) of 0.08, 0.11, 0.12, 0.13, 0.15 s and
volumetric geometric mean diameter of 91.4, 105.5, 109.4, 121.9, 126.6 nm were selected for the
calibration of the gas/particle sensitivity response measurements. These 5 chosen condensation sinks
were chosen because they have the least size-dependent sensitivity due to the nature of coagulation
between ES droplet and the particle where the particles within this size range are fully extracted as
reported in the work here (Lee et al., 2021).
The drop in measured gas-phase intensity due to injection of condensation seeds, 4G is defined as
Guithout cs = black arrow - red arrow
Gremaining with cs = blue arrow - green arrow

AG = Guithout cs = Gremaining with Cs Eq. S1
as denoted in Figure S21. The increase in particle-phase intensity due to injection of condensation seeds,
AP is defined as

AG = green arrow - red arrow, Eqg. S2

where AP was corrected according to Eq. S3. Then, the AG/AP sensitivity response is calculated by
averaging five CS conditions of 4G/4P in Figure S21 for a list of 62 molecules (Table S4). Please see

Figure S23 for the performance of the averaging.

Dual-EESI particle-phase measurement correction

Particle-phase intensity is affected by the particle size-dependent sensitivity and the particle

transmission efficiency. Thus the corrected particle-phase intensity is defined as

_ PP-FP
Pcorrected - S(Dp){(Dp)’

Eq. S3
where PP is the measured intensity in particle-phase channel and FP is the measured intensity in particle
filter channel. The S(Dp) is the particle size-dependent sensitivity (Lee et al., 2021) parameterized as
34.18D,%%%°2+0.393 using AP SOA with particle diameter Dy, as shown in Figure S22. The {(Dp) is the

empirically measured particle sampling efficiency of the Dual-EESI inlet as shown in Figure S4.
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SOA generated in CLOUD chamber from Lee et al. (2021).
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Figure S23. Histogram of mean(4G/4P)/standard deviation(4G/4P) from computation the AG/AP of
62 molecules with 5 data points (condensation sinks) for each species (Table S4).
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Figure S24. Cumulative distribution of 4G/4P sensitivity response, 80% of the molecules have higher
gas-phase sensitivity responses up to 11 in comparison to particle-phase.

This means that up to 80% gas phase measurement is up to 11 times more sensitive than what is
measured in particle phase as anticipated from size-dependent sensitivity shown in Figure S22. As a
result, the gas-phase intensity requires correction so that the sensitivity between gas phase and particle
phase is equal to 1.

In an ideal situation, if the sensitivity of 4G is equal to the sensitivity of 4P, then there will be no
correction needed. However, a correction is needed for gas-phase intensity described as follows. To
understand the change of AG/AP sensitivity response, the AG/AP sensitivity response was

logarithmically transformed for parameterization using molecular information as shown in Figure S25.
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Figure S25. AG/AP sensitivity response of the Dual-EESI. The sensitivity response was logarithmically
transformed as the function of diffusivity in air. The molecular information (number of carbon,
hydrogen, and oxygen) are used for estimating binary gas diffusivity according to Fuller et al. (1966).

Table S4. Molecules included for calibration between gas/particle sensitivity of the Dual-EESI shown
in Figures S22-S25 using condensation sink experiment under constant oxidized gas production rate.

CsHsO3 CoH120257 | C12H1805
CsHgO4 CoH13034 | C12H2006
CeHB8O3.4 | CoH14036 | C13H2006
CeH1003 CoH15046 | C13H2404
CeH1203 CoH16045 | CisH1802
C7HgO2.3 | C10H140s.7 | C15H2006
C7H100258 | C10H1605 | C15H2205
CgH10024 | C10H2203 | C16H2207
CsH120255 | C11H16056 | C17H2206
CsH14045 | C12H1605 | C1gH2408
CoHgO3
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