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Abstract

When aqueous droplets travel through a temperature-controlled capillary from atmospheric
pressure into a vacuum, they undergo aerodynamic and/or thermal breakup to give charged
progeny droplets that subsequently produce gas-phase molecular ions from solutes that were in the
original droplets. This phenomenon is the basis of droplet assisted ionization (DAI), a method that
was recently developed for online characterization of aerosols by mass spectrometry. The
conditions allowing initial droplets to break up into progeny droplets were studied by
computational fluid dynamics (CFD) with a droplet evaporation model. The CFD results were then
used to interpret experimental measurements of ion current vs. capillary wall temperature. For
capillary wall temperatures below about 150 °C, the abilities of droplets to undergo either
aerodynamic or thermal breakup are strongly temperature dependent. Above this temperature, the
mode of initial droplet breakup becomes temperature independent, and the temperature

dependence of the ion signal intensity can be explained in relation to ion formation from charged



progeny droplets. Activation energies for ion formation fall into two main categories: ~41 kJ mol-
' for droplets containing predominantly nonionic solutes, which matches the enthalpy of
vaporization for water and suggests a charge residue process for ion formation, and ~24 kJ mol!
for droplets containing salts, which suggests an ion evaporation process where the ion is ejected

from the droplet surface within a cluster of solvent molecules.

Introduction

The ability to effectively analyze solutes in a liquid droplet by mass spectrometry is
dependent on the ability to separate solute molecules from the solvent to produce gas-phase
molecular ions. The two main mechanisms proposed for producing molecular ions from charged
liquid droplets produced by electrospray ionization (ESI) are the ion evaporation (IEM)' and the
charge residue models (CRM).2 For IEM, molecular ions evaporate from the surface of the droplet,
usually within in a cluster containing several solvent molecules. In the case of CRM, solvent
evaporates completely, leaving just the molecular ion as the nonvolatile residue from the droplet.
While IEM is typically thought to be more applicable to small molecular weight species and CRM
for higher molecular weight species, the conditions needed to form gas-phase ions by each
mechanism are still a matter of debate.?

Molecular dynamics (MD) simulations have become an effective tool to provide
perspective into the relative roles of ions and solvent in the ion evaporation process, specifically
in the final stages of droplet lifetime where the formation of gas-phase ions is thought to occur.*
For instance, MD simulations have provided visual interpretation to the transition state small ions
enter prior to their eventual ejection from the droplet environment.’ Such studies allow researchers

to distinguish ion formation by either IEM or CRM or even identify instances in which both



mechanisms are operative.® Significant movement has been made recently towards the use of MD
simulations to show how large chain polymers or proteins are ejected from droplets by a separate
mechanism known as the chain ejection model (CEM).””?

The efficiency with which ions are formed is initially governed by the ability to induce
droplet breakup and produce progeny droplets carrying a net charge. For ESI, charged droplets are
produced by applying a high voltage to a liquid sample. As droplets evaporate in route to the inlet
of the mass spectrometer, the charge density on the surface of the droplet increases until the
Rayleigh limit is reached and Coulombic fission occurs, producing numerous smaller progeny
droplets that also carry a net charge.'® The source of charged progeny droplets is not so clear when
the droplets entering the inlet of the mass spectrometer are initially uncharged, as is the case for a
method such as droplet assisted ionization (DAI). DAI is method for producing ions from solutes
in micron-size droplets by passing the droplets through a temperature-controlled capillary interface
into the mass spectrometer.!" Aerodynamic and thermal stressors inside the capillary are thought
to induce droplet breakup, but they have not been studied in detail. Optimum conditions for
producing ions by DAI have been investigated in previous work,'> and an important parameter is
the wall temperature of the capillary, which can be precisely controlled from 25 to 850 °C. DAI
shares many similarities to other inlet ionization techniques such as matrix assisted ionization
(MAI) and solvent assisted ionization (SAI).!>15

In DAL, the ion yield, defined as the fraction of solute molecules entering the inlet that are
eventually detected as ions in the mass spectrum, exhibits a complex temperature dependence. lon
yield incorporates ionization efficiency, ion transmission efficiency and detector efficiency into a
single parameter. As the capillary wall temperature increases from about 150 to 500 °C, the ion

yield for most analytes increases monotonically by one to two orders of magnitude. Departures



from the monotonic increase are found with capillary temperatures outside this range. At the low
end, the ion yield is often higher at 25 °C than in the 100-150°C range.'? At 25 °C, it has been
proposed that droplets are subject to evaporative cooling inside the capillary as well as cooling in
the gas expansion coming out of the capillary into the vacuum, which causes the droplets to freeze
and shatter in a manner that produces a relatively large number of ions.'®!” Slightly higher
temperatures produce lower ion yields, presumably because droplets are unable to freeze. At the
high temperature end, the ion yield is analyte dependent but generally increases only slightly, if at
all, above 500 °C.!.12

The mechanism of ion formation by DAI can be thought of as a two-step process: breakup
of the initial droplet to give charged progeny droplets, followed by gas-phase ion formation. These
steps are illustrated in Figure 1. Since DAI mass spectra are remarkably similar to those obtained
with ESI including formation of multiply charged ions,!!!%18-21 the second step is thought to be
the same for the two methods, where charged progeny droplets undergo successive iterations of
evaporation and Coulombic fission until they become small enough for ion emission, which is
thought to occur from droplets in the nanometer size range.*

In this work, computational fluid dynamics modeling (CFD) is combined with a numerical
droplet evaporation model in order to identify conditions that allow aerodynamic and/or thermal
breakup of an initially uncharged droplet inside the DAI capillary. Modeling results are discussed
in the context of temperature-dependent ion signal intensities obtained experimentally. For
capillary wall temperatures below about 150 °C, the abilities of droplets to undergo aerodynamic
and thermal breakup are strongly temperature dependent, making the temperature dependence of
the ion signal intensity difficult to interpret. Above this temperature, the mode of initial droplet

breakup becomes temperature independent, and the temperature dependence of the ion signal



intensity gives insight specifically into the second step — gas phase ion formation from charged

progeny droplets.

Experimental Methods

Computational Fluid Dynamics (CFD). The DAI capillary inlet was recreated in
COMSOL Multiphysics 5.4 (Stockholm, Sweden, http://www.comsol.com) to perform
computational fluid dynamics (CFD) calculations to characterize heat transfer from the wall into
the air flow through the capillary. The capillary inlet geometry was recreated in COMSOL as a 2-
D axi-symmetric model, and COMSOL’s finite element method was used to solve for flows
throughout. The geometry was automatically meshed with a physics-controlled sequence using
normal sized free triangular and quad mesh elements. The final mesh consisted of 4837 elements
with an average quality of 0.78. The element quality is a measure of cell distortion with a value of
1 indicating perfect element shape. A 2-D axi-symmetric model was chosen as a way to reconstruct
and model the capillary inlet three dimensionally while reducing the computation cost and time.
Finer mesh densities were tested but were too computationally intensive.

Once meshed, a turbulent, high Mach number flow (Spalart-Allmaras) model was used. In
this model, the gas is treated as compressible for characterizing air flow through the capillary. The
Reynold’s number at the capillary inlet is ~2800. A conical geometry was placed at the exit of the
capillary to simulate the first vacuum stage of the mass spectrometer. This region is taken to have
a pressure of 100 Pa, which is measured and provided by the commercial mass spectrometer.
Similar work has utilized parabolic geometries to simulate the vacuum region, but this was found
to have no effect on the physics inside the capillary.?> The Particle Tracing Module within

COMSOL was coupled to the CFD model to calculate the distribution of particle residence times



in the flow tube. CFD calculations were performed for a simulated time of 20 ms to allow steady-
state conditions inside the capillary to be reached, at which point, particle tracing was performed.
Particle tracing is performed for a simulated time of 2 ms with a 1 us time step. For these
calculations, liquid droplets of 103 different diameters between the sizes 0.5 and 20 ym were
considered. Each droplet size was systematically studied one at a time. For each diameter, 9 liquid
droplets with uniform radial starting positions were released at the opening of the DAI capillary
inlet. The radial and axial positions of each droplet were traced, and the pressure, temperature,
density, and dynamic viscosity of air were calculated along the paths. As an example, Figure S1
depicts the 9 radial starting positions and subsequent tracks through the capillary for a 5.2 ym dia.
droplet. Along track #9, Figure S2 shows the air pressure and corresponding water boiling point,
while Figure S3 shows air velocity.

Droplet Evaporation Model. Computation of pressure and temperature dependent
properties of evaporating water were based on the International Association for the Properties of
Water and Steam using the Industrial Formulation 1997 (IAPWS-IF97).2 The solution of the CFD
calculations was directly interfaced with Steam97 Excel Add-In (MegaWatSoft Inc., Toronto, ON,
Canada). The equations used in this formulation are valid between temperatures of 0 and 800 °C.
and for pressures less than 100 MPa, thereby satisfying the needs of this work. This package
allowed water density, dynamic viscosity, thermal diffusivity, and surface tension to be calculated
as a function of both pressure and temperature.”® These values are used as part of the droplet
evaporation model to evaluate evaporation and breakup of droplets upon entering the DAI capillary
interface.

The rate of evaporation (8d/0t) of a liquid water droplet**?* with diameter d, is given by

% _ 2Dy, myy,
ot pg ks Tdg (AP)B Sh
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where Dy, is the gas-phase diffusion coefficient of water, my is the mass of one water molecule, pq
is the density of the droplet, kg is the Boltzmann constant, T is the temperature, dq is the diameter
of the droplet, AP is the pressure difference, B is the mass flux correction factor, and Sh is the
Sherwood number. Equation 1 is specifically used to calculate the evaporation of a static droplet
and is then corrected by Sh to account for changes in convection mass transfer in the surrounding

air flow?6-28

(2) Sh= (2 +0.6Reg/?sc'/?).
In Equation 2, Req and Sc are the Reynold's and Schmidt numbers respectively. Complete
definitions of all variables in Equations 1 and 2, plus additional discussion of the modeling
procedure and results, are provided in the supporting information.
At the same time the change is droplet diameter by evaporation is calculated, the Weber
number (We) of the droplet is also calculated and is given by!'®

(3) We — (Dair 'Ud)zpddd
(&)

where va.ir and vg are the velocity of air and droplet respectively and o is the surface tension of
water. When We > 10, the droplet is considered able to breakup due to aerodynamic forces.!82°-3!1
The droplet evaporation model is interfaced with the particle tracing module from CFD simulations
by calculating the change in droplet diameter with a 1 ps time step.

Aerosol Generation. A fine mist of micron-size droplets was produced with an atomizer
(Model ATM226, TOPAS, Dresden, Germany) that were then sent directly into the mass
spectrometer for analysis. The nonionic solutes studied were cortisone, sucrose, and polypropylene
glycol (M, 425 Da). In some experiments, salts including ammonium sulfate, sodium sulfate, and

cesium iodide, were mixed with the nonionic solutes. Cesium iodide and tetrabutylammonium

chloride salts were sampled alone. Solutes were purchased from Sigma Aldrich (St. Louis, MO).



Solutions were prepared with Optima grade water obtained from Fisher Scientific (Hampton, NH).
Atomization was performed with 1 Lpm of house air from a Zero Air Generator 737 Series (Aadco
Instruments, Cleveland, OH), which removed gas-phase ammonia and organics. Airflow into the
atomizer was controlled with a mass flow controller (Dakota Instruments, Orangeburg, NY).
Aerosol droplets containing polypropylene glycol (PPG) were generated from a 10 yM solution.
All other aerosols were generated from 100 yM solutions of the respective solute. In experiments
where nonionic solutes were mixed with salt compounds, the salt concentration was also 100 xM.
The droplet size distribution from the atomizer was reconstructed from the measured dry particle
size distribution obtained from the 100 M cortisone solution.!? The droplet distribution ranged
from about 0.5 to 20 ym with a median diameter of 2 ym. 103 different droplet diameters were
measured in this range. Although droplets at the high end of the distribution probably had very
low transmission efficiencies through the experimental apparatus, this effect does not change the
conclusions of the study since the temperature dependence of droplet breakup is greatest for
droplets in the lower end of the size distribution.

Mass Spectrometry. Mass analysis was performed with a Waters SYNAPT G2-S
quadrupole ion mobility time-of-flight mass spectrometer, which was outfitted with a customized
atmospheric pressure inlet consisting of a stainless-steel capillary tube (69 mm length, 1 mm o.d.,
0.5 mm i.d.). The first 20 mm of the capillary was unheated, while the remaining portion of
capillary could be heated up to 289 °C by applying a voltage to 24-gauge NiChrome wire that was
encased in a ceramic insulating jacket around the capillary. The capillary wall temperature was
measured with a thermocouple probe and precisely controlled with a homemade temperature
control box containing a solid-state relay (Omega, Stamford, CT) and variable power supply.

Previous work for DAI utilized a wall temperature as high as 850 °C.!'1> The ceramic cartridge



heater was redesigned for the current project to evenly heat the capillary from all sides and is the
reason for the slightly different capillary wall temperature range in this study relative to the past.
Aerosol droplets entered through one port of a %4 inch Swage-lok fitting. The (unheated) entrance
end of the capillary extended into a one-sixteenth inch fitting and was sealed with a Teflon ferrule.
Other settings of the mass spectrometer were: source temperature 100 °C, cone voltage 10 V, and
offset voltage 60 V. Changing these settings over a substantial range of values did not affect
relative ion signals. Droplets entered the capillary at atmospheric pressure and exited into the first

vacuum stage of the mass spectrometer where the base pressure is 100 Pa.

Results and Discussion

Conditions allowing thermal and/or aerodynamic breakup of aqueous, uncharged droplets
(Step 1 in Figure 1) were identified using CFD in combination with a droplet evaporation model.
These conditions were found to be strongly temperature dependent and are illustrated in Figures 2
and 3 for the example of a 5.2 ym dia. droplet following the track closest to the capillary wall (#9
in Figure S1). The conditions are then extended to droplets of other sizes and flow tracks through
the capillary, and finally compared to experimentally measured changes in ion signal intensity with

temperature.

Thermal Breakup of Droplets. Figure 2 shows how a 5.2 ym diameter droplet evaporates
as it moves through the capillary for wall temperatures of a) 25, b) 100, and c) 289 °C. In these
plots, the capillary entrance is O mm, the exit is 69 mm, and the point at which heating (if any)
begins is 20 mm. The droplet diameter and temperature are plotted as a function of distance
through the capillary, and the boiling point of water (changes with changing pressure inside the

capillary) is shown for reference. The temperatures of the air and droplet are assumed to be the



same. The validity of this assumption is explained below. When the capillary wall is maintained
at 25 °C (Figure 2a), evaporation causes the droplet diameter to decrease only by ~0.3%. The
temperature slowly decreases, and at ~55 mm the droplet freezes, and no further evaporation
occurs. Previous work has speculated that droplets freeze inside an unheated capillary and shatter

in a way that is able to form ions. Figure 2a confirms that freezing can indeed occur.

When the capillary wall is heated to 100 °C (Figure 2b), droplet evaporation is still minimal
(~1% reduction in diameter) because the temperature does not get close to the boiling point. When
the capillary wall is heated to 289 °C K (Figure 2c), the droplet initially evaporates slowly and
when the temperature reaches the boiling point at ~35 mm, the droplet flash evaporates over a time
period smaller than the 1 ps time step used in the simulations. Between the point where heating of
the capillary begins (20 mm) and when the boiling point is reached, the droplet heating rate is
7x105 K s! (Figure S4). By comparison, a droplet of this size would thermally equilibrate over the
same temperature as Figure S4 at a faster rate, 9x10° K s°!, confirming that the droplet temperature
can reasonably track the surrounding air temperature up to and including the flash evaporation
event.

The flash evaporation event in Figure 2c is considered to be a marker for thermal breakup
of the droplet. It has been known for many years that rapidly heated droplets having a surface
charge well below the Rayleigh limit can burst, producing hundreds of progeny droplets.’> The
droplet heating rate inside the capillary is similar to the heating rate in MALDI, which is estimated
to be on the order 10° — 102 K s, suggesting that the underlying concept of rapid heating and
explosive vaporization of the condensed phase is also similar.3-%

Figure 2c illustrates thermal breakup for one combination of air track through the capillary

and wall temperature. For other combinations, thermal breakup occurs when the temperature
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reaches the boiling point of water, which can vary several mm from the location in Figure 2c. (See
Figure S5 for an example.) The boiling point, and hence the temperature when thermal breakup
occurs, may also change by ~2 degrees since the pressure changes slightly with distance in this
region of the capillary (Figure S2). However, this effect is a small perturbation of the overall
process.

Aerodynamic Breakup of Droplets. An aerodynamic force is exerted on droplets inside
the capillary since the velocity of the gas surrounding the droplet is different from the droplet
velocity. The Weber number (We) described by Eq. 3, is a dimensionless number used to assess
whether or not the aerodynamic force is sufficient for droplet breakup. In general, if We > 10, the
droplet is considered able to breakup. For We < 10, the aerodynamic force does not exceed the
force of surface tension, and the droplet cannot breakup.!8:2%:3

Figure 3 shows We vs. distance inside the capillary for the 5.2 pm dia. droplet in Figure 2
and two different capillary temperatures, 100 and 289 °C, for cases in which flash evaporation
does not and does occur respectively. When the capillary is heated to 100 °C, We exceeds 10 before
the droplet that has traveled 10 mm into the capillary. If the droplet does not breakup at this point,
We continues to increase as the droplet moves through the capillary and exceeds 10° at the exit.
While the droplet does not undergo thermal breakup, it is highly likely that aerodynamic breakup
occurs somewhere along the capillary. Also shown in Figure 3 is We vs. distance when the capillary
wall is heated to 289 °C. We reaches a value of 10 between 10 and 15 mm into the capillary, but
then increases to > 102 prior to flash evaporation point at ~35 mm. This droplet is also likely to
undergo aerodynamic breakup, though thermal breakup will ultimately occur if the timescale for

aerodynamic breakup is greater than about 115 ps.
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Because the velocity difference between a droplet and the surrounding air increases with
increasing droplet diameter, larger droplets experience a greater aerodynamic force than smaller
droplets. This effect is illustrated in Figure S6 where We vs. distance inside the capillary is plotted
for droplet diameters of 1.0,2.0, and 5.2 ym with a wall temperature of 100 °C. We for the 1.0 and
2.0 pm dia. droplets do not exceed 10 until just before the capillary exit. While aerodynamic
breakup near the capillary exit is possible for small droplets with a low wall temperature, they are
more likely to undergo thermal breakup earlier in the capillary when the wall temperature is high
enough to cause flash vaporization.

Temperature Dependence of Thermal and Aerodynamic Breakup. The illustrations in
Figures 2 and 3 show how conditions for thermal and aerodynamic breakup can be identified and
that the probability of each is strongly dependent on capillary wall temperature. This dependence
is explored in Figures 4 and 5 for a droplet size distribution generated with a commercial atomizer.
As described in the Experimental Methods section, the droplet size distribution for the DAI
measurements in this study was inferred from dry particle size distribution generated by atomizing
a 100 uM cortisone solution.!? Thermal and aerodynamic breakup were modeled for droplet
diameters across the size distribution with the capillary wall temperatures that were studied
experimentally. For each wall temperature, a total of 927 droplets were evaluated: 103 different
diameters with 9 droplet radial starting positions (Figure S1) for each diameter. Six wall
temperatures were examined, and the results from four of these are shown in Figure 4.

For the lowest two wall temperatures, 25 and 100 °C in Figures 4a and b respectively, the
air temperature never reaches the boiling point, so thermal breakup does not occur. For a wall
temperature of 25 °C (Figure 4a), droplets at the lower end of the size range freeze before We

exceeds 10 and can break up only if they shatter as discussed previously. Droplets at the higher
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end of the size range are capable of aerodynamic breakup since We exceeds 10 prior to freezing.
For a wall temperature of 100 °C (Figure 4b), freezing no longer occurs and most droplets are
capable of aerodynamic breakup, with the exception of the smallest droplets below about 0.8 um
in diameter.

For a wall temperature of 150 °C (Figure 4c), some droplets are able to undergo thermal
breakup. These droplets follow air traces closer to the wall, where the air temperature is higher
than along the centerline of the capillary. The largest droplets in the size distribution follow the
centerline more closely than smaller droplets and are unable to flash evaporate, but they are capable
of aerodynamic breakup. For wall temperatures above 150 °C, as exemplified by the 289 °C plot
in Figure 4d, all droplets are able to flash evaporate and therefore undergo thermal breakup, though
droplets in the high end of the distribution could undergo aerodynamic breakup before thermal
breakup occurs.

The plots in Figure 4 along with those from other capillary wall temperatures studied, are
summarized in Figure 5a, where the percentage of droplets capable of aerodynamic and/or thermal
breakup are plotted vs. wall temperature. In this plot, droplets that are considered capable of
thermal breakup include those that reach We > 10 prior to thermal breakup, since the timescale of
aerodynamic breakup is not known. For this reason, the percentages for higher wall temperatures
add up to greater than 100%. Two important conclusions can be drawn from Figure 5a. First, for
capillary wall temperatures above 100 C°, all droplets are capable of undergoing either
aerodynamic or thermal breakup, and the percentage of droplets undergoing thermal breakup
increases with increasing wall temperature. Second, for wall temperatures above than 150 C°, the
mode of droplet breakup (aerodynamic vs. thermal) becomes independent of wall temperature and

most droplets undergo thermal breakup.
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Temperature Dependence of Ion Formation. The modeling results presented above
have important implications for how experimental measurements of the temperature dependence
of the DAI ion signal are interpreted. Referring back to Figure 1, ion formation in DAI involves
two steps: 1) breakup of the initial uncharged droplet into smaller progeny droplets carrying a net
charge and 2) ejection of ions from the progeny droplets into the gas phase. In principle, both steps
can be temperature dependent. Fortunately, modeling gives insight into when the temperature
dependence of the first step does or does not contribute substantially to the overall temperature
dependence.

First, it is important to note that modeling does not predict charging of progeny droplets,
just when they are or are not produced. We do know that charging is a rare occurrence since the
ion yield (fraction of analyte molecules entering the capillary that are ultimately registered as ion
counts at the detector) is at best 10 for our mass spectrometer.'? The extent to which charging
depends on the mechanism of droplet breakup (freezing, aerodynamic, thermal) or the temperature
at the point of breakup is unknown. Second, modeling shows that the mechanism of droplet
breakup is not temperature dependent above a wall temperature of 150 °C (Figure 5a). Third, most
droplets undergo thermal breakup when the wall temperature is above 150 °C. While the location
within the capillary where thermal breakup occurs does vary with wall temperature and air track
(Figure S5), the droplet temperature (boiling point of water) during breakup is essentially constant
both droplet-to-droplet and as a function of wall temperature (Figure S2). Therefore, the
temperature dependence of the ion signal for wall temperatures above 150 °C informs uniquely on
the temperature dependence of Step 2, ion emission from the progeny droplets, which occurs

downstream from and at a higher temperature than the thermal breakup event.
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In Figure 5, the capillary wall temperature dependence of droplet breakup (Figure 5a) is
compared to the temperature dependence of the DAI ion signal intensity experimentally measured
for droplets atomized from a 100 uM cortisone solution (Figure 5b). Figure 5b shows that ion
signal can be obtained at 25 °C without applying any heat to the capillary. Ion formation without
heating is supported by the modeling results from Figures 4a and 5a, which show many droplets
can undergo freezing or aerodynamic breakup (Step 1). When the capillary wall is heated slightly
above this level, the relative contributions of different breakup mechanisms change, and it is not
possible to separate temperature-dependent effects of Step 1 from Step 2. For capillary wall
temperatures above 150 °C, Figure 5b shows that the ion signal intensity increases monotonically
with increasing wall temperature, and this increase must be attributed to the temperature
dependence of Step 2. The monotonic increase of the cortisone signal intensity in Figure 5b is also
observed for droplets containing other nonionic solutes (sucrose, polypropylene glycol), salts
(tetrabutylammonium chloride, cesium iodide), and mixtures of the two (cortisone mixed with
ammonium sulfate, sodium sulfate, or cesium iodide).

The temperature dependence of the ion signal intensity can be used to estimate the activation
energy (E,) for ion formation. Since the signal intensity continues to increase with wall temperature
above 150 °C, but the temperature at which droplets undergo thermal breakup in Step 1 remains
constant, the continuing increase of the signal intensity indicates that ion emission from the
progeny droplets (Step 2) occurs downstream from the location of droplet breakup where the air
temperature is higher and scales with capillary wall temperature. (See Figure 2c.) For this reason,
an Arrhenius plot is constructed where the temperature is taken as the maximum temperature (7’,,.)

along the centerline of the gas flow. The calculation is performed in the following way:

@) In(l,) = In(4) - (%) ()

T max
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where [, is the ion signal as counts per second, R is the universal gas constant, £, is the activation
energy, and 7, is the maximum air temperature along the centerline of the capillary for the wall
temperature used in the measurement. In a traditional Arrhenius plot, the ordinate is given as In
(k) where k is the rate constant for ion formation. Unfortunately, the rate constant is not directly
measured in this work. However, [, is directly proportional to k since the mass flow of analyte,
[NV], through the capillary is constant throughout any individual experiment:

(5) Leps =k [N]

The Arrhenius plot for droplets generated from the 100 uM cortisone solution is shown in
Figure 6, where the 7, values in this plot correspond to the capillary wall temperatures plotted in
Figure 5b. The correlation between capillary wall temperature and 7, is shown in Figure S7. The
plot in Figure 6 is linear and extends to lower temperatures than the top three temperatures in
Figure 5b, indicating that even at somewhat lower temperatures, Step 2 is the main contributor to
the temperature dependence. From this plot, E, is determined to be 42 + 1 kJ mol-!. This value can
be regarded as an upper limit since droplets following a trajectory closer to the capillary wall than
the centerline will experience higher temperatures, and proportionally higher temperatures for each
of the signal intensities would result in a lower calculated activation energy. If the capillary wall
temperature is used in the Arrhenius calculation instead of 7., E, would be 36 kJ mol"!, which
represents a lower limit. While a different assumption for temperature in the Arrhenius plot will
give a different absolute value of the activation energy, the relative differences discussed below
among droplets containing different solutes is still valid.

Activation energies were also determined for DAI analysis two other nonionic solutes,
polypropylene glycol (PPG) and sucrose, and these values are tabulated along with cortisone in

Table 1. The activation energies for all three solutes are remarkably similar to each other. It is
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important to note, for E, to be properly defined, 7., must be occur at the same pressure for each
capillary temperature. 7,,,. was reached at essentially the same air pressure (5.2 + 0.4x10* Pa) for
all capillary wall temperatures, making 7, suitable to use for determining E,. The enthalpy of
vaporization of water at this pressure is 42 kJ mol! (41 kJ mol"!at 100 °C and 1.01x10° Pa),* is
similar to E, evaluated for all three nonionic solutes in Table 1. The similarities of the different
solutes suggests that the ability to form ions from nonionic solutes is an intrinsic property of the
solvent, in this case water, and that ion formation in Step 2 is associated with solvent vaporization,
which would correspond to a charge residue mechanism.?’

While no salts were intentionally added to the solutions used to make these droplets, the
observation of sodiated adducts in the mass spectra indicate that some salt contamination is
present. To quantify the level of sodium contamination, flame atomic absorption was used to
determine the sodium content of the bulk solutions used to create the droplets, giving a
concentration of 1.0 +0.8 yM. While this concentration is quite low, Na* is known to bind strongly
with alcohol and carbonyl groups in the gas phase.?**° This level of contamination provides useful
reference for experiments where salts are intentionally added to the solutions.

The influence of salts on the temperature dependence of the cortisone signal intensity is
shown in Figure 6 for droplets generated from a 100 uM cortisone solution containing 100 uM
ammonium sulfate (blue) or sodium sulfate (green). The signal intensity increases more slowly
with increasing temperature when the ionic solute is added, which results in a lower E, as shown
in Table 1: 27 + 1 and 24 + 1 kJ mol"! in the presence of an equimolar amount of ammonium and
sodium sulfate respectively. Table 1 also shows activation energies for an additional experiment
for 1:1 cortisone and cesium iodide and then for two experiments without cortisone, one for

droplets containing just cesium iodide and the other for tetrabutylammonium chloride. As shown
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in Table 1, the activation energies for ion formation from all droplets containing various salts are
similar to each other and distinct from those containing nonionic solutes alone. The ion formation
process is clearly different in the presence of salts, and the lower value of E, suggests participation
of an ion evaporation mechanism where solute ions are ejected from the surface of a progeny
droplet within a cluster of solvent molecules. Although charge residue is likely to remain the
dominant pathway for ion formation, ion evaporation plays a secondary role allowing progeny
droplets to shed charge during droplet evaporation.t’

In the original work of Iribarne and Thomson, ion mobility was used to determine the
evaporation rate of Na* from droplets. From this work, the free energy of ion formation (AG*) was
determined, via transition state theory, to be 38 kJ mol!. The mechanism of gas-phase Na* ion
formation was ascribed to the ion evaporation model (IEM). Additional ion mobility spectrometry
and modeling studies have since provided improvements to this original work by better predicting
the effects of droplet polarization®#! and radius of curvature on ion evaporation,>“>-* while still
finding good agreement with the original work. Ahadi et. al. also predicted AG* for the evaporation
of NH,* from water droplets by determining the rate constant for NH,* evaporation during
molecular dynamics simulations.* They reported AG*to be 32 kJ mol! and went on to speculate
that a similar ion evaporation mechanism would be operative for other small analytes such as
protonated drugs or metabolites.

While the activation energies reported Table 1 are not directly comparable to the AG*
values reported previously, they do suggest that two distinct ion formation processes exist for Step
2 of DAI. One appears to be correlated with evaporation of solvent to dryness, a charge residue
process. The other is a lower energy process, which would be expected for a process such as ion

evaporation from the droplet surface within a cluster of solvent molecules.
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Figures and Tables

Aqueous Droplets Breakdown to Progeny Gas-phase Molecular Ions
(Uncharged) Droplets Carrying a
R Net Charge
+ -
Step 1 &= Step 2 - 4+ ¥

. R
666 >+_++_

Ambient Pressure and — Vacuum

Temperature Temperature and Pressure Gradients Across
the Capillary Inlet

Figure 1. Schematic of the steps involved to form ions by droplet assisted ionization (DAI).
Droplets undergo aerodynamic or thermal breakup, and ions are ejected into the gas phase from

the charged progeny droplets.
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Figure 2. Evaporation of a 5.2 um dia. vs. distance through the capillary for a droplet moving
along an air trajectory closest to the capillary wall, for wall temperatures of a) 25, b) 100, and c)
289 °C. The black line shows the droplet diameter. The red solid line shows the droplet
temperature. The red dashed line shows the boiling point of water. Thermal breakup is indicated
by flash evaporation of the droplet in c¢). Along the abscissa, the capillary entrance is 0 mm, the

capillary exit is 69 mm, and the point at which heating begins is 20 mm.
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Figure 3. Weber number (We) of the 5.2 ym dia. droplet in Figure 2 for wall temperatures of 100
(green) and 289 °C (purple). The dotted line shows We = 10, which is considered sufficient for

aerodynamic breakup.
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Figure 4. Number size-distribution of droplets (black) reconstructed from the dry particle size
distribution measured for atomization of 100 yM cortisone in water. Droplets capable of
undergoing aerodynamic (green) and thermal (red) breakup are shown for capillary wall
temperatures of a) 25, b) 100, ¢) 150, and d) 289 °C. In d), all droplets are capable of undergoing

thermal breakup.
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Figure 5. a) Percent of the droplets across the size distribution that are capable of aerodynamic
(green) and thermal (red) breakup at each capillary wall temperature. ‘No event’ (blue) is defined
as droplets that can undergo neither aerodynamic nor thermal breakup. At 25 °C, many ‘no event’
droplets freeze and may undergo shattering to produce ions. (b) Experimentally measured ion
signal as counts per second (cps) at each wall temperature for droplets generated from 100 uM

cortisone in water.
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Figure 6. Arrhenius plot for droplets generated from aqueous solutions containing 100 pM
cortisone. Black is cortisone alone. Blue is a 1:1 mole ratio of cortisone and (NH,),SO,. Green is
a 1:1 mole ratio of cortisone and Na,SO,. Error bars represent one standard deviation of the signal
intensity, and uncertainty in the activation energy is determined from the standard error of the

slope of the line.

31



Table 1. Activation energies (E,) for ion formation from droplets containing nonionic solutes (left)

and salts (right).
Nonionic Solutes E. (kJ mol!) Salts E. (kJ mol?)

1:1 cortisone :
sucrose 39£3 cesium iodide 2422

1:1 cortisone :
cortisone 421 ammonium sulfate 27+l
polypropylene glycol 41 +3 1:1 cortisone : 24 + 1

(PPG) sodium sulfate
cesium iodide 22%£5
tetrabutylammonium 19+2

chloride

The polypropylene glycol concentration is 10 xM. All other concentrations are 100 M.
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