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Combining mass spectrometry of picoliter
samples with a multi-compartment
electrodynamic trap for probing the chemistry

of droplet arrays

Megan D. Willis, Grazia Rovelli, and Kevin R. Wilson*

Chemical Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road,

Berkeley, CA, USA, 94720

E-mail: krwilson@Ibl.gov

Abstract

Single droplet levitation provides contactless access to the microphysical and chem-
ical properties of micron-sized samples. Most applications of droplet levitation to
chemical and biological systems use non-destructive optical techniques to probe droplet
properties. To provide improved chemical specificity, we couple a multi-compartment
quadrupole electrodynamic trap (QET) to single droplet mass spectrometry. Our QET
continuously traps a monodisperse droplet population (~10’s — 100’s of droplets), and
allows for simultaneous sizing of a single droplet using its Mie scattering pattern. Sin-
gle droplets are subsequently ejected to the ionization region of an ambient pressure
inlet mass spectrometer. We optimize two complementary soft ionization techniques
for picoliter aqueous droplets: paper spray (PS) ionization and thermal desorption
glow discharge (TDGD) ionization. Both techniques detect oxygenated organic acids

in single droplets with signal-to-noise ratios >100 and detection limits on the order of



10 pg. Sensitivity and reproducibility across single droplets is driven by the droplet
deposition location and spray stability in PS-MS, and by ionization region humid-
ity and analyte evaporation rate in TDGD-MS. Importantly, analyte evaporation rate
can control TDGD-MS quantitative capability because high evaporation rates result in
significant ion suppression. This effect is mitigated by optimizing vaporization tem-
perature, droplet size range and analyte volatility. We demonstrate quantitative and
reproducible measurements with a droplet internal standard (<10% RSD), and com-
pare the sensitivity of PS-MS and TDGD-MS. Finally, we demonstrate application of
QET-MS to studying heterogeneous chemical kinetics, with the reaction of gas phase

03 and aqueous maleic acid droplets.

Single droplet levitation has become a widely used approach to study the microphysical
properties of micron-sized samples, with applications in atmospheric and biological chem-
istry, and industrial and pharmaceutical processes'™. This family of techniques, including
electrodynamic traps of varying geometries, optical and acoustic levitation, provides sig-

nificant insight into particle properties, such as volatility*, hygroscopicity®®, pH™®, viscos-

9-11 12,13

ity” "+, morphology , and optical properties!'®. These approaches allow contactless access
to condensed phase chemistry under controlled environmental conditions. In atmospheric ap-
plications, stable trapping over long reaction timescales can provide access to a wide range of
oxidant concentrations and atmospherically relevant reaction conditions'®. Further, droplet
levitation allows access to supersaturated and highly concentrated solutions, with fine con-
trol of droplet composition by varying environmental conditions. In biological applications,
droplet levitation provides small sample volumes without loss of material by adsorption to
surfaces 6.

Reactive transformations in levitated droplets have largely been investigated with non-
destructive optical probes!®!7 23 While functional group information is available from Ra-

man spectroscopy, it cannot always provide specific information on the composition of a

droplet undergoing chemical transformations. Coupling measures of droplet microphysical



and optical properties with chemically specific characterization by mass spectrometry (MS)
will provide a more complete mechanistic understanding of droplet reactions. A range of am-
bient pressure ionization techniques have been used to measure the composition of levitated
droplets, with approaches differing in the size of measured droplets (diameters from microm-
eters to millimeters), and the method of droplet delivery into the ion source (trapped, free
falling, or deposited on a substrate). We limit our discussion to analysis of levitated particles
and droplets, and do not include MS analysis of single ambient atmospheric particles or their
proxies, which is reviewed elsewhere?42°.

Millimeter-sized, acoustically levitated droplets have been characterized with a wide range
of ionization techniques directly during levitation of microliter droplets. These include vari-
ants of matrix-assisted laser desorption ionization (MALDI)'®26-28 " direct analysis in real
time (DART) ionization?®, and field induced droplet ionization (FIDI)3°. Both DART and
FIDI have been used to follow reactive transformations in levitated droplets?* 3!, though
sequential measurements made on a single levitated droplet can significantly perturb its
properties. Despite the utility of acoustic levitation coupled to MS for microliter droplets,
micron-sized (picoliter) droplets are desirable for their smaller sample volumes and higher
surface area to volume ratios. QETs can trap a wide range of droplet sizes, from 100’s of
nanometers to ~100 microns®*33, but the high electric field strengths and much smaller
analyte masses mean that droplets must first be ejected before MS analysis and sampled
completely.

Both offline and online approaches have been used with a variety of ambient ioniza-
tion techniques to detect micron-sized droplets. MALDI-MS was used to detect droplets
ejected from a double-ring electrodynamic balance onto a substrate, representing a contact-

3435 However, this offline approach is

less means of preparing small, concentrated samples
not ideal for following reactive processes, where the gap between sample preparation and
analysis could introduce bias into reaction monitoring. Free-falling picoliter droplets, gen-

erated by a droplet-on-demand dispenser, have been analyzed either singly or in groups



by electrospray-type techniques. Methanol droplets were reproducibly analyzed by a sin-
gle droplet electrospray process when free-falling droplets impacted a needle carrying high
voltage3®. However, experimental challenges arise with this approach when applied to water
droplets because of their higher surface tension than methanol. Aqueous droplets, free-falling
onto a paper substrate, have been quantitatively analyzed with paper spray ionization MS37.
This work demonstrated the quantitative capabilities of paper spray for droplets containing
a range of analytes with limits of detection for citric acid on the order of 0.5 pg.

Two ambient ionization approaches have been applied to online detection of single,
micron-sized levitated droplets. First, pure organic droplets from a double ring electrody-
namic balance were detected by thermal desorption coupled to atmospheric pressure chemical
ionization MS, and applied to follow the evaporation of polyethylene glycol®®. This approach
was used to determine the vapour pressure of butenedial in aqueous droplets and the impact
of salts on gas-particle partitioning’; however, the applicability of this method was limited
by significant uncertainties in the measurements. Second, aqueous droplets from a branched
quadrupole trap were detected by paper spray ionization MS, demonstrating the qualitative
capabilities of this approach for detecting single trapped droplets°. This approach was used
to qualitatively identify reaction products formed in droplet merging experiments, where
merged droplets contained ~1 ng of material.

Chemical kinetic analysis of reactive, picoliter-volume systems requires high precision
and sensitive droplet detection methods, with an ionization scheme that is well character-
ized to account for potential matrix effects in complex systems. A single droplet MS method
both fulfilling these requirements and directly coupled to droplet levitation has not yet been
demonstrated, and direct comparison between single droplet detection approaches is lacking.
In this work, we couple a multi-compartment electrodynamic trap to mass spectrometry
using two ambient ionization approaches amenable to aqueous droplets. We show that both
helium glow discharge and paper spray ionization provide reproducible and quantitative

measurements, and highlight the benefits and limitations of these two complementary tech-



niques in aqueous organic acid systems. We also demonstrate application of glow discharge
ionization to following multiphase reaction kinetics, with the reaction of gas phase ozone and

aqueous maleic acid.

Experimental

Quadrupole Electrodynamic Trap

The quadrupole electrodynamic trap (QET) confines charged droplets along the axis of the

4041 Aqueous micron-sized droplets are generated with a

quadrupole trapping electrodes
piezoelectric droplet dispenser (Microfab, Inc., MJ-ABP-01, with 30 pm or 50 pm orifice),
and are introduced into the QET branch (Figure 1a). The droplet dispenser is driven by
pulses with width ~ 20 — 50 us and amplitude up to 50 V.

During droplet generation at the dispenser, a voltage is applied to an induction electrode
(£ 100 — 500 V) to induce a net charge on the droplet. Charged droplets are confined in the
electric field generated by the four quadruople stainless steel trapping electrodes, with an
AC amplitude of ~100 — 500V and frequency of 100 — 500 Hz. Droplets fall approximately
12 ¢cm within a humidity controlled gas flow to the lower portion of the QET where they are
held with a balancing electrode, using the design described in Jacobs et al.*. A static DC
voltage (up to £+ 500V) is applied to the balancing electrode to allow contactless droplet
levitation.

The QET allows levitation of multiple droplets, facilitating time resolved experiments
with a simultaneously produced droplet population of consistent size (variability in diameter
on the order of £2.5%) and chemical composition. Two, or more, sets of balancing electrodes
(4 thin metal fins, positioned between the QET rods) are fixed approximately 6 cm apart
along the lower portion of the QET providing multiple compartments for droplet trapping
(Figure 1a). A population of droplets is dispensed through the QET branch at constant

droplet dispenser voltage and pulse width, and trapped in the upper compartment (tens
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Figure 1: (a) Schematic of the multi-compartment quadrupole electrodynamic trap (QET).
(b) Schematic of the experimental sequence. A population of droplets is first loaded into
the QET, then a single droplet is extracted into the lower compartment for sizing. Single
droplets can successively be directly ejected for analysis by single droplet mass spectrometry,
or trapped under a specific environmental condition for a period of time before analysis.
Sizing of a single droplet in the lower compartment occurs continuously during reactions or

evaporation.




to hundreds of droplets depending on size and charge). A single droplet is moved from
the upper to the lower compartment by setting the upper DC balancing voltage to zero for
approximately 10 — 50 ms (Figure 1b). Once trapped in the lower compartment a droplet
can be sized as described below, and ejection from the trap is facilitated by removing the
balancing voltage in the lower compartment. A grounded exit plate terminates fields at the
base of the QET and facilitates reliable single droplet ejection.

The QET is enclosed in an environmentally controlled chamber where humidity is con-
trolled by a nitrogen or zero air flow of up to 500 cm?® min=! (STP), split into a dry flow
and a wet flow that passes through a water bubbler. The magnitude of the wet and dry
flow are controlled by mass flow controllers (MKS instruments), and their relative magni-
tude determines the relative humidity in the trap, which was monitored with an RH probe
(Honeywell International Inc., HIH-4602C, +3.5% accuracy) at the QET inlet. Experiments
were performed at high humidity (~75-90% RH). The gas flow provides a downward force

that further facilitates droplet ejection from the QET to the ionization region.

Droplet sizing

Trapped droplets are illuminated axially with a 532nm laser (ThorLabs, CPS532), intro-
duced into the top of the QET and focused toward the lower sizing compartment (Figure 1a).
For both droplet positioning in the trap and droplet sizing, scattered light is collected on
two CCD cameras (ThorLabs, DCC1645C) %42, A levitated droplet is maintained within the
trap’s lower compartment using a feedback loop in a custom LabView software that controls
both the DC balancing voltage and AC frequency in response to changes in droplet size and
position above the balancing electrode. Droplets are sized using interference fringes in the
Mie scattering pattern collected at 90°, with the method described by Davies*!'. Briefly, an-
gular peak positions (i.e., distinct maxima in the angular scattering pattern) are iteratively
compared with a library of simulated peak positions, generated with Mie theory over a range

of size and refractive index. For a fixed refractive index, estimated from droplet composi-



tion and water content, a measure of the difference between reference and recorded peak
positions is minimized to extract the best fitting droplet size*'. This method can provide
radius measurements with an accuracy of up to 60 nm; however, due to uncertainties in the
angular width of scattered light collected in our experiment we estimate a larger uncertainty
of £0.5 pm in diameter. When direct measurements of droplet size are not available, the dry
droplet size and mass of solute dispensed can be estimated based on the initial size of the
dispensed droplet and the initial solution concentration. The initial droplet diameter from

the 30 pm dispenser is on the order of 50 pm in diameter37™42.

Single Droplet Ambient Ionization Mass Spectrometry

All measurements were carried out with a QExactive Orbitrap Mass Spectrometer (Ther-
moFisher Scientific). The instrument was operated in negative ion mode, with a typical scan
range of m/z ~ 50 — 200, a resolution of 17500 and a maximum inject time of 50 ms, resulting
in a scan rate of 8 — 9Hz. The QET was positioned above the mass spectrometer inlet and
was coupled to a home-built ambient pressure ionization source by a grounded, 1/4” stain-
less steel exit tube. Two complementary ionization sources are used in these experiments:
paper spray ionization and thermal desorption coupled to helium glow discharge ionization
(Figure 1b). The basic principles of these ionization techniques have been described else-

43-46

where , and below we describe the design of these ionization sources for single droplet

detection.

Paper spray ionization

Two types of paper substrate were used for paper spray (PS) ionization in this work: What-
man grade 3MM chromatography paper (0.34 mm thickness) and Whatman grade SG81
silica-coated chromatography paper (0.27 mm thickness), which has been shown previously
to improve sensitivity of PS-MS analysis for some compounds*’. Papers were cut into trian-

gular substrates with rounded lower corners using a universal laser cutter, to create substrates



with a base of 8mm and height of 10 mm, leading to a spray tip angle of ~45°. Other ge-
ometries and substrates were tested; however, a rigorous evaluation is not presented here as
other work has characterized the impact of spray tip angle and substrates on PS-MS perfor-
mance*® ! Paper substrates were mounted in a stainless steel alligator clip and a voltage
of =3kV to —5kV was applied to the solvent-soaked substrate. Solvent (either HPLC grade
methanol, or a methanol-chloroform mixture) was continuously supplied to the underside of

the substrate with a PEEK delivery tube connected to a syringe pump operating at 20 —

30 pL min—!.

Thermal desorption glow discharge ionization

A home-built helium glow discharge (GD) ionization source, similar to the home-built DART
source described by Upton et al.??, was coupled to a temperature controlled vaporization
platform for single droplet detection (Figure 1b). The GD source was constructed from
1/16" tungsten electrodes housed in 3/8" outer diameter glass tubing, with 1/4" outer di-
ameter glass tubing for the gas connection line. The GD source was run with 0.5 L min™!
(STP) helium flow, controlled with a mass flow controller (MKS Instruments). The needle
electrode was tapered to a point and operated at 3kV with a current of ~2.7mA limited by
a 1 MQ (10 W) resistor, and a discharge gap of ~ 2.5mm from the flat-ended ground elec-
trode. This configuration corresponds to the corona-to-glow discharge (DART-like) regime
described by Shelley et al.?®. Outflow from the GD source, containing helium ions and
metastable atoms, entered a 1/4" through-way in a heated stainless steel vaporizing block
held at ground. The vaporizer temperature was controlled with a cartridge heater (1" x
1/4", 100 W) connected to a temperature controller (Omega Engineering, CN9300). The
MS inlet was positioned ~2mm within the 1/4” outlet of the vaporizer. The QET outlet
was connected to a 1/4" port on the vaporizer that was orthogonally offset ~5mm from the

helium stream. Ejected droplets impact the heated substrate in the QET gas flow and the

resulting gas phase molecules intersect with the GD outflow in the ionization region to form



ions sampled by the MS. The total flow directed toward the MS inlet was 1L min~! (STP),
with an absolute humidity a factor of two lower than that in the QET due to dilution by

dry helium.

Data analysis

Raw mass spectra were initially analyzed using the python based pymsfilereader (available
at: github.com/frallain/pymsfilereader, using python 3.7.3), and Thermo Xcalibur. Time se-
ries of relevant exact masses were extracted for further analysis. Single droplet events were
defined as signals a specified number of standard deviations (generally >5) above a running
mean baseline. The detected signals were integrated to provide the peak area corresponding
to a single droplet at a particular exact mass-to-charge ratio, referred to as Ix, where X is the
droplet component of interest. The duration of droplet signals for a specific droplet compo-
nent were determined by the time window for droplet signal integration. Droplet evaporation
was modeled assuming constant isothermal evaporation from a sphere, as in Birdsall et al.38.
The ATIOMFAC model (aiomfac.caltech.edu) was used to calculate droplet water content®?.

Data analysis and evaporation model code is available at github.com /willismd.

Droplet Heterogeneous Reaction Kinetics

Ozone was generated by passing a small flow of oxygen, 20 — 100 cm® min~! (STP), through
a glow discharge ozone generator, and diluting the resulting flow with 2 — 4 L min~! (STP)
of nitrogen. The resulting flow (100 — 700 ppm O3) was sampled by an ozone monitor (2B
Technologies, model 202M) and a small portion, ~35 — 60 cm® min~! (at STP), was diverted
through a rotameter and mixed with the wet gas flow entering the QET.

The general experimental sequence is outlined in Figure 1b. Following trapping of a
droplet population, sizing and MS detection of unreacted single droplets, the dry component
of the QET flow is replaced by an equal mass flow containing ozone, such that the relative

humidity in the trap is maintained within 1 — 2%. Trapped droplets are exposed to ozone

10



for a period of time, during which the outflow of the QET is sent to exhaust, and the size
of a single droplet can be monitored in the sizing compartment. After an exposure time has
elapsed ozone generation is switched off and a series of single droplets (>8) are individually
ejected for MS detection, so that ozone is not present in the ionization region during droplet
detection. By repeating this process over the course of minutes to hours, we follow the

kinetics of the reaction between droplet components and ozone in time.

Results and Discussion

Single Droplet Paper Spray lonization Mass Spectrometry
Detection of single aqueous droplets

Negative mode PS-MS detects organic acids in aqueous droplets with high signal-to-noise
ratios and negligible fragmentation of deprotonated molecular ions. Individual droplets
containing 0.5 ng maleic and 3.1 ng malonic acid, with a volume of 6 pL at 85% humidity, were
easily detected above background by PS-MS with signal-to-noise ratios >100 (Figure 2a).
After ejection of a single aqueous droplet from the QET, signals for [M—H]| ions for both
acids (C3H30,4 at m/z 103.00 and C4H30, at m/z 115.00) quickly increase and decay away
over a duration of ~9 seconds (Figure 2a). A characteristic peak in the background PS-MS
mass spectrum is HSO4 (m/z 96.96), which has been observed in other implementations
of PS-MS3" (Figure 2b). The presence of droplet components in a single droplet mass

I solvent flow

spectrum is clearly detected above background (Figure 2c). For a 30 pL min~

and a droplet event that lasts 9 seconds (Figure 2a), we estimate a mean malonic and maleic

acid concentrations of 0.7nguL.~! and 0.1ng pL.~!, respectively, in the spraying solution.
Several factors influence the reproducibility of single droplet detection by PS-MS, two

of which are universal to all ionization techniques applied to single droplet measurements.

First, the MS sampling rate must be sufficiently high to provide a well-defined single droplet

11



signal. For sampling rates >1 Hz and droplet events lasting several seconds this requirement
should not impede reproducibility. Second, variations in the droplet size produced by the
dispensers can be on the order of the few percent around the mean diameter, which could
produce non-negligible changes in the mass of solute dispensed. Our size measurements
suggest this variability can be on the order of £2.5% in diameter, which corresponds to
variability in droplet mass of ~10%. We discuss factors specific to PS-MS droplet detection

next.

Impact of solvent and spray tip position on single droplet detection

PS-MS specific considerations for reproducibility are spray stability and droplet deposition

location®’

. Negative ion mode PS-MS has intrinsic challenges related to the high current
involved, and addition of CHCI; to the spray solvent has been shown to mitigate the for-
mation of corona discharges from fibres at the spray tip?*5°. Use of >20% CHCl; (v/v) in
our spray solvent significantly improved spray stability and both the efficiency and repro-
ducibility of single droplet detection (Figure S1). The spray tip was mounted ~1cm from
the MS inlet, and the grounded QET outlet was positioned ~1 cm above the spray substrate
(Figure S1). While positioning the spray tip closer to the MS inlet would provide enhanced
signal intensity®®, the geometry of our apparatus is constrained by the QET size and shape.
With negative ion mode PS-MS, positively charged single droplets are ejected from the QET
and are attracted toward the spray tip. The deposition location of droplets on the paper
substrate impacts both the single droplet event timescale and reproducibility, as described
for free-falling neutral droplets by Kaur Kohli and Davies®”. We observe good reproducibil-
ity in droplet signals with the spray tip positioned in line with the edge of the QET outlet,
such that droplets likely land slightly behind the spray tip3”. We discuss the precision and

accuracy of single droplet PS-MS more quantitatively below.
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Figure 2: (a) Examples of negative mode PS-MS single droplet events from deprotonated
molecular ions of malonic (C3H30,, m/z 103.00) and maleic acid (C4H30,, m/z 115.00) for
droplets containing 0.5 ng maleic and 3.1 ng malonic acid (estimated assuming 50 pm initial
droplet size), corresponding to an equivalent dry diameter 16.2pum. (b) PS-MS background
mass spectrum, showing the prevalent peak for bisulfate (HSO,, m/z 96.96). (c) Background
subtracted single droplet PS mass spectrum, shown on the same y-scale as (b), and corre-
sponding to the mean mass spectrum over one peak in (a). (d) — (f) As in (a) — (c), but for
TDGD-MS. The dominant peak in the negative mode TDGD-MS background spectrum (at
120°C), in (e), is deprotonated lactic acid (C3H5O3, m/z 89.02). Some decarboxylation of
malonic and maleic acid is evident in TDGD-MS single droplet spectra (f).
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Single Droplet Thermal Desorption, Glow Discharge Ionization Mass

Spectrometry
Detection of single aqueous droplets

Thermal desorption coupled to glow discharge ionization MS (TDGD-MS) in negative ion
mode detects organic acids in aqueous droplets with comparable sensitivity to PS-MS, despite
lower absolute signal intensities. TDGD-MS signals arising from individual picoliter droplets
containing 0.5ng maleic and 3.1ng malonic acid are shown in Figure 2d, with signal-to-
noise ratios of ~500. Ejection of single droplets from the QET gives rise to sharp signals
for [M—H] ions corresponding to these organic acids, which rapidly decrease over about
6 seconds (depending on vaporization temperature, discussed below). The background mass
spectrum, taken during a period just before droplet detection appears significantly cleaner
than for PS-MS, with the dominant peak between m/z 50 — 150 being the singly deprotonated
molecular ion of lactic acid (C3H;03, m/z 89.02) (Figure 2¢). Lactic acid is likely desorbing
from surfaces within the vaporizer and QET, and is present at relatively constant signal
intensity within the GD-MS background at constant vaporizer temperature. Similarly to
PS-MS, the presence of droplet components are clearly apparent above the background;
however, a fraction of the [M—H] ions undergo loss of CO, to form fragments at m/z 59.01
(CoH304 ) and m/z 71.01 (C3H30, ) for maleic and malonic acid, respectively (Figure 2f). For
a QET flow of 500 cm?® min~! and a droplet event lasting ~6 seconds (Figure 2d), we estimate
mean gas phase malonic and maleic acid concentrations of 78 pgecm™ and 12pgcem™ (at
STP), respectively. Multiple factors influence both the sensitivity and reproducibility of

TDGD-MS droplet detection, and are discussed below.

Impact of humidity on ionization of organic acids

The amount of water vapour in the region of ion formation significantly impacts the efficiency

of [IM—H] formation from organic acids by TDGD-MS. We use lactic acid in the TDGD-

14



MS background as a qualitative indictor of water vapour’s impact on [M—H| formation
from organic acids. As the amount of water vapour increases from near zero (i.e., a dry
QET flow) to ~0.02atm (i.e., ~95% RH QET flow at 25°C), lactic acid [M—H] ion signal
intensity significantly increases (Figure 3a). Reaching higher water vapour concentrations in
our current iteration of TDGD-MS is not possible as the flow of dry helium is fixed and the
maximum practical flow through the QET is 500 cm?® min~!, leading to a maximum relative
humidity in ionization region on the order of 48% RH at 25°C. However, higher humidities
may not result in further enhanced [M—H]| formation, as we begin to observe a levelling in
lactic acid signal intensity at the highest humidities available in our set up (Figure 3a).
Previous studies demonstrate an effect of humidity on low temperature plasma ionization

sources 5759 .

Overall, previous work shows that water concentration can change relative
reagent ion abundances, analyte signal intensities and extent of fragmentation. The impact
of humidity on sensitivity is a well known phenomenon in chemical ionization MS, where
sensitivity can depend strongly on sample humidity® 3. The ultimate impact of humidity
will depend upon the reagent ion and the relevant ionizations mechanisms.

Our observations show evidence for OH as a dominant reagent ion for deprotonation of
organic acids by helium glow discharge ionization. In our experiment, where the ionization
region is closed to ambient air, the presence of water has a much larger influence on [M—H]|"
formation from lactic acid than the presence of oxygen (Figure 3b). We are unable to measure
mass-to-charge ratios below 50 with the QExactive, so we infer the presence of a gas phase
base associated with the presence of water vapour. OH is a very strong gas phase base
that reacts rapidly and effectively to form [M—H]| ions from species with even mildly acidic

6465 and has been used as a reagent ion for chemical ionization MS%-67. Cody et al. 4

protons
suggest that O, is a dominant reagent ion in negative mode DART ionization. However,
direct measurements of DART reagent ions have demonstrated the presence of other basic
anions such as OH %, which forms in the reaction of water with excited helium atoms?*’.

In ambient air a significant fraction of OH is present as HCOg, its reaction product with

15



CO,, when acids are not present*>%. OH™ has a high hydration energy and clustering with
water vapour tends to decrease the efficiency of ion-molecule reactions®, suggesting that at
elevated humidities [M—H]| formation by OH could become less favourable and care must

be taken to optimize conditions for different analytes.

1.5x10°1 (a)

(a.u
—
o

1
-

0 0.005 0.01 0.015 0.02

lonization Region
Specific Humidity (atm)

(b} = Wet
— I Dry
S 1.51
s T
=
o 14
%]
g
- 0.54
[l
o
0 T -
N, Zero Air
QET Gas Flow

Figure 3: (a) Impact of humidity on the glow discharge ionization signal intensity for lactic
acid [M—H] ions (C3H;03, m/z 89.02), with constant QET and glow discharge helium flows
meeting in the ionization region. (b) The presence of water vapour in the GD-MS ionization
region has a larger impact on C3H505 signals than the presence of oxygen. Wet and dry
QET gas flows correspond to ~0atm H,O and 0.02 atm H,O in the ionization region. Error
bars correspond to the standard deviation in signal intensities over ~10 minutes at 8 Hz.

Impact of vaporization temperature on single droplet detection

Vaporization temperature can impact both the precision and accuracy of TDGD-MS single
droplet detection. At a constant droplet size, changes in vaporization temperature drive
changes in analyte evaporation rates, which results in two important effects. First, the

timescale of single droplet detection events dictate how well a droplet signal is defined at a

16



fixed MS sampling rate (Figure 4a). At higher temperatures Ix decreases, and variability
in Ix can increase because fewer data points define the droplet signal (Figure 4b). Second,
higher gas phase concentrations of analyte in the ionization region increase the potential
for significant ion suppression. For the mass of maleic and malonic acid shown here, this
effect becomes evident at temperatures above ~135°C, where I ,.10nic decreases more steeply
with temperature than I, and the corresponding ratio increases (Figure 4b,c). Analogous
ionization suppression by a gas phase matrix has been previously observed with plasma-based
ambient ionization MS sources®. Though we cannot directly detect the reagent ion in our
instrument, the lactic acid background can provide qualitative indication of ion suppression
at high evaporation rates. In cases of high evaporation rates (i.e., high temperature and high
solute mass), the signal for lactic acid can be suppressed to zero, indicating limitations for
quantitative ability (Figure S2a). These issues are avoided by selecting appropriate droplet
vaporization temperatures and small solute masses (Figure S2b, Figure 4 shaded region).
The optimal range of droplet vaporization temperatures is related to analyte volatility, and

this effect is discussed next.

Impact of volatility on single droplet detection

At constant droplet size and vaporization temperature, the volatility of droplet components
drives the timescale for single droplet detection. We demonstrate this effect for droplets
containing nanogram quantities of multifunctional organic compounds of varying vapour
pressure: maleic, succinic, tartartic and citric acids. We observe sequential evaporation of
the four acids (Figure 5a), which suggests that the droplets remain in a liquid state at evap-
oration even though particle-phase water has likely completely evaporated during transit to
the vaporizer®. We detect all acids as [M—H]  ions, with some fragmentation through loss
of CO, for maleic, succinic acids, and both CO, and H,O from citric acid (Figure 5b). For
multiple monodisperse droplets, we observe consistent absolute integrated signal intensities

(RSD ~10%) for each compound and correspondingly consistent measured sizes (Figure 5c¢).
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Figure 4: Impact of droplet vaporization temperature on (a) the duration of droplet signals
in time (left axis) and estimated mean evaporation rates (right axis) for droplets contain-
ing 0.5 ng maleic and 3.1 ng malonic acid (dry diameter ~16.2 pm), (b) absolute integrated
droplet signal intensities, and (c) the ratio of integrated droplet signals. The shaded yellow
region represents ideal sampling conditions for maleic and malonic acid droplets in this size
range.
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The timescale for evaporation of each droplet component is related to its vapour pressure at
the vaporization temperature (Figure 5d), though we emphasize that droplet size also has
a significant impact impact on the evaporation rate. The longer evaporation timescale and
correspondingly lower evaporation rates for less volatile compounds (i.e., tartaric and citric
acids) reduces the potential for the significant ionization suppression discussed for the more
volatile acids (Figure 4, Figure S2b). As a consequence, simultaneous detection of droplet
components with significantly different volatilities, such organics mixed with inorganic salts,
represents a compromise between the high temperatures required for detection of very low
volatility compounds and the impact of high organic evaporation rates on TDGD-MS preci-

sion and accuracy.

Accuracy and Precision of Single Droplet Measurements

Accurate and precise measurements of single droplet composition are possible with both
PS-MS and TDGD-MS. Day-to-day, and for PS-MS paper-to-paper, differences exist in the
absolute Ix for a series of individual droplets with nominally identical composition (Fig-
ure 6a&d). This difference in mean signals can be accounted for in two ways. First, signals
in the background mass spectrum can be used to account for variability in GD ionization
efficiency or PS spray characteristics3”. By normalizing TDGS-MS signals to lactic acid and
PS-MS signals to bisulfate, the mean Ix/Ipackground is brought into agreement for both ion
sources (Figure 6b&e). While this approach demonstrates the quantitative ability of these
techniques, increased variability from the background ions is introduced into the ratio, and
can be a large as +50% for PS-MS. Droplet-to-droplet reproducibility in absolute Ix within
a data set is generally better for TDGD-MS (RSD <25%, Figure 6d & Figure 4) than for
PS-MS (RSD ~25%, Figure 6a). Second, a droplet internal standard can be used to improve
both the precision and accuracy of single droplet measurements. A droplet internal standard
accounts for multiple ion source related factors that affect droplet-to-droplet reproducibil-

ity, including PS stability and variation in droplet deposition location, GD ion transmission
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Figure 5: Impact of vapour pressure on single droplet detection by TDGD-MS. (a) Example
single droplet events for four component droplets containing 3.4 ng maleic acid, 3.2ng suc-
cinic acid, 6.5 ng tartaric acid, and 7.2ng citric acid (dry diameter ~28 pm), evaporated at
160°C. (b) Mean single droplet mass spectrum, showing deprotonated molecular ions and
corresponding fragments for each acid. (¢) Demonstration of the reproducibility of absolute
integrated droplet signals (Ix, left axis) for each droplet component, and the corresponding
measured droplet diameter when sizes were available (right axis). Colours correspond to the
legend in (a). (d) Relationship between the vapour pressure of each droplet component at
160°C, and the mean droplet event duration from TDGD-MS measurements. X-axis error
bars correspond to the range in recommended vapour pressures reported in Bilde et al.™
and Dennis-Smither et al.?!, and y-axis error bars correspond to the standard deviation in
droplet event duration across 13 droplets.
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and variations in vaporization temperature. Further, a droplet internal standard corrects
for variations in droplet size. The ratio of I aeic t0 Inaionic in the same droplets provides
both precisions consistently on the order of £5% or less, and improved agreement between
measurements made on multiple days and with different PS-MS substrates (Figure 6c&f).

With a droplet internal standard, both PS-MS and TDGD-MS respond linearly and
reproducibly to a range of droplet solute concentrations. We demonstrate the linearity and
reproducibility of both techniques with droplets containing 0.2 ng to 1.2 ng maleic acid and a
constant 3.1 ng malonic acid, resulting in equivalent dry diameters of 15.7 pm to 17.1 pm (~5-
7pL at 85% humidity). Individual points in Figure 7 correspond to mean integrated droplet
signals for different populations of droplets on different days, and detected with different
papers for PS-MS, while error bars on each point correspond to the standard deviation from
>8 single droplets. Iaieic/Imalonic Versus the molar ratio of these two droplet components
(Nmaleic/Mmalonic) gives a slope corresponding to the relative ionization efficiency of maleic
to malonic acid (Figure 7). Relative ionization efficiencies demonstrate that both PS-MS
and TDGD-MS are more sensitive to maleic than malonic acid, consistent with resonance
stabilization of the singly deprotonated anion of maleic acid and a pKa ~1 pH unit lower
than malonic acid. Maleic acid signal-to-noise ratios for the lowest concentration in Figure 7
are ~500 for both PS-MS and TDGD-MS, demonstrating a detection limit (S/N = 10)
on the order of 5pg (1.8 um dry diameter). Signal-to-noise ratios for malonic acid differed
more significantly between the two ionization sources (~100 and ~450, respectively), giving
detection limits on the order of 300 pg (7 um dry diameter) and 65 pg (4.3 pm dry diameter),
for PS-MS and TDGD-MS, respectively.

Reaction Kinetics from Single Droplet Mass Spectrometry

We demonstrate application of our QET coupled to single droplet MS to following the reactive
loss of maleic acid with gas phase Os, and report a reactive uptake coefficient comparable

to previous measurements. We follow the reaction by measuring the relative composition
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of single droplets at discrete time points using TDGD-MS, where each point in Figure 8
corresponds to mean I, from >8 single droplets. We follow droplet reaction kinetics with
TDGD-MS here since our previous work has demonstrated reaction monitoring with PS-
MS%°, and as described above TDGD-MS provides better droplet-to-droplet reproducibility
in absolute Ix. Over the timescale of our reaction, both our measurements and a kinetic
model of droplet evaporation indicate that evaporative loss is negligible compared to reaction
with 50 ppm O3 (Figure 8). Formulating an expression for the uptake coefficient assuming
reaction takes place at the droplet surface, and fitting the observations to an exponential
decay™, yields an effective uptake coefficient (Yeg) of 4.4(£0.5)x107° (assuming an initial
droplet size of 50 um, that equilibrates to 84% humidity in the QET). Other investigations
of O3 reacting with maleic acid in aqueous particles have assumed the reaction occurs in
the droplet bulk and is limited by ozone diffusion. For example, Dennis-Smither et al.?!
follow the reaction in an electrodynamic balance with Raman spectroscopy and arrive at
Vet Of (2.7-9.9)x107%, at humidities above 50% and 38 ppm to 67 ppm Os;. However, noise
in their Raman signals prevented clear discrimination between exponential and quadratic
fits to their observations?'. If we apply an uptake model assuming reaction in the bulk, we
arrive at a yeg of 8.7(£2.0)x107¢ (Figure S3). Earlier reports of y.¢ are on the same order,
where values of (0.7-7.6)x107¢ and (0.3-1.8)x10~° were obtained assuming near-surface ™ and
bulk!® reaction kinetics, respectively, for aqueous particles at humidities above 80%. While
the lack of direct size measurements associated with our kinetic data introduces uncertainty
into our determination of 7.g, our observations agree with previous measurements within the
range of values reported and suggest the QET-MS can be successfully applied to studying
reactive transformations in single droplets.

Single droplet mass spectra (Figure S4) at various extents of oxidation suggest that
any products formed either volatilize from the droplets (i.e., glyoxylic acid™), are below
detection limits, or fragment significantly during thermal vaporization. Product detection

can be optimized by measuring multiple droplets concurrently to increase signal intensities,
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varying vaporization temperature, and applying PS-MS for detection of thermally unstable

products.
1.2
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Figure 8: Demonstration of reaction kinetics of O3 and maleic acid in aqueous droplets
(84(£3)% RH) followed with TDGD-MS. Open circles correspond to Lyaeic/Imaleico mea-
sured in the absence of O3, and the dashed lines shows results from a model of maleic acid
evaporation from the droplet. Filled circles correspond to Iiateic/Imaleico measured in the
presence of 50 ppm Os. The black solid line is a single exponential fit, providing an effective
uptake coefficient (yeg) of 4.4(£0.3)x107°. Error bars represent the standard deviation of
>8 single droplet events.

Conclusions

We present a new approach for studying the chemistry of droplet populations by coupling
levitated droplets in a multi-compartment electrodynamic trap to single droplet mass spec-
trometry. Trapping a population of monodisperse droplets confers advantages for repro-
ducibility and the experimental timescales needed to obtain statistically meaningful results
across multiple droplets. Using this technique, we show a direct comparison between ambi-
ent ionization sources for detection of single aqueous droplets. Both PS-MS and TDGD-MS
respond linearly and reproducibly to low nanogram to picogram quantities of oxygenated
organic molecules in picoliter droplets, with detection limits on the order of 5 pg for maleic
acid. These two droplet detection techniques are complementary, and provide distinct ad-

vantages. While TDGD-MS can detect organic compounds in mixtures with salts that are
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not amenable to PS-MS, TDGD-MS has limitations for detecting fragile organic molecules
that fragment upon vaporization but remain intact in PS-MS. Complementary soft ioniza-
tion techniques, coupled with non-destructive optical probes of microphysical properties in
the QET, will provide valuable insight into heterogeneous and multiphase reactions over a

wide range of timescales and oxidant concentrations.
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