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In this study, we propose a novel ion formation simulation method
for electrospray ionization (ESI) and atmosphere pressure interface
(API). In this method, not the sheer particle trajectory, but the evol-
ution of droplets and the offspring of gaseous ions are introduced
instead. For the first time, the dynamic droplet-to-ion transform-
ation process in the API of ESI-MS is visualized. The results suggest
that this model provides a better understanding of the ion evol-
ution mechanism and we propose a way for mass spectrometer
structure optimization and ion source parameter adjustment in
new aspects.

One of the remarkable progresses in mass spectrometry
achieved in the past decades is its coupling with liquid chrom-
atography (LC-MS)." Most of the attractions of LC-MS instru-
ments are attributed to their unique ionization mechanism,
typically, electrospray ionization (ESI). The ESI is the leading
one among the group of atmospheric pressure ionization
methods, also known as the “soft” ionization methods. These
methods are distinguished by their capability of operating
under atmosphere pressure, which can preserve the structural
integrity of the target analyte.” A tricky problem for ESI mass
spectrometry (ESI-MS) is the huge pressure drop between the
ion source (ambient pressure) and the vacuum required for
mass analysis (pressure lower than 107> torr). This indicates
that, for a standard ESI ion source, despite multi-stage
pumping is used, only a small fraction of analytes can enter
the narrow inlet necessary to preserve the vacuum.’ In
addition, the ESI process is accompanied by rapid solvent
evaporation and the production of residue droplets that are
hard to be ionized (for the ion evaporation mechanism?),
which will certainly disrupt the analysis of the target
analytes.’™
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In view of these problems, an elaborately designed ion
source and API in ESI-MS that simultaneously attends to both
the transmission and the anti-contamination is of vital impor-
tance. Since numerical methods have become a standard pro-
cedure in the R&D of MS instruments,®’ the accurate numeri-
cal modelling of ions in the API of ESI-MS can be very impor-
tant but rather challenging, which is distinct by its intricate
multi-physical nature.® In current studies, the Lagrange model
that treats the particles (droplets or ions) as a discrete phase in
the fluid is often adopted.’™* Specifically, the choice of fluid-
particle interaction model in these studies is decided by the
particle Knudsen number (Kn), which is defined as the ratio of
the mean free path and the particle diameter.'® For example,
for droplets in dense air, the Stokes drag force model is
adopted.”'® For the ions in a vacuum, only the ion optics
model that involves the ion-neutral collision can be applied.*®
In these studies, without an ion formation mechanism, the
droplets and ions cannot be studied synchronously. In
addition, the droplets or ions are simply treated as particles
with constant mass and charge that are released at some arbi-
trarily given coordinates, which clearly deviates from the very
basic principle of ESI.

For the purpose of modelling the ionization mechanism of
ESI comprehensively, a multi-physical coupling strategy that
combines the gas dynamics and electrodynamics is taken in
our simulation based on the ANSY Fluent (ver. 2022 R1, Cecil
Township, PA) and COMSOL Multiphysics (ver.6.0, COMSOL
AB, Stockholm, Sweden). Actually, when an ESI ion source is
running in cone-jet mode'* (the mode of greatest interest due
to its application), uniformly sized droplets that can be esti-
mated using the scaling law'® will be released."* With the
knowledge of evaporation and the coulombic fission principle
(the ion evaporation mechanism for small molecules is
applied in our work),'® it is feasible for us to model the entire
ion formation procedure numerically with some critical sim-
plifications. The computation was conducted on a basic
desktop computer (CPU: AMD Ryzen9 5950X, 3.4 GHz, RAM:
32 GB) and the whole process took about 96 h. The geometri-
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cal model used in our simulation is shown in Fig. 1(a), which
is established according to our experimental setup. The model
is composed of three parts: spray area (pressure at 760 torr),
transfer capillary (length: 60.27 mm, heated to 573 K), and
vacuum chamber (pressure at 2 torr). In the spray area, a sim-
plified model of the H-ESI ion source (Thermo Fisher
Scientific, Waltham, MA, USA) is established. There are three
gas (N,) inlets in the ion source: sheath gas, auxiliary gas, and
curtain gas. The initially charged droplets are released near
the ESI tip in the spray area. After rapid evaporation and cou-
lombic fissions, a massive amount of progeny droplets and
gaseous ions are formed in the spray area and transfer capil-
lary. Traveling through the capillary, the ions and droplets
enter the vacuum chamber, where the ions of specified mass-
to-charge ratio can be captured by an S-LENS type RF ion
guide."”

The schematic diagram of the simulation process is shown
in Fig. 1(b). Generally, the simulation can be divided into two
parts: 1. Background field simulation. 2. Particle tracing simu-
lation. The background fluid field and the electrical field of
the whole system are calculated using the ANSYS Fluent based
on the finite volume method (FVM) and the COMSOL
Multiphysics based on the finite element method (FEM), sep-
arately. The background data is then input into a particle
tracing module (modified from the standard particle tracing
module of COMSOL Multiphysics), and in this module, the
motion, mass, temperature, and charge of each droplet are
evaluated at every time step using a transient solver. The evol-
ution of droplets is carried in the spray area and capillary
(both filled with dense air, coloured in blue in Fig. 1(b)), and
the ion optics proceed in the vacuum chamber (coloured in
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Fig. 1 (a) The geometrical model used in the simulation. (b) The sche-
matic of the simulation.
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orange in Fig. 1(b)). As also shown in Fig. 1(b), an initial
droplet will undergo several fission events and be transferred
into residue (primary) droplets and highly charged progeny
droplets.

Since the ESI process is rather complex, some simplification
is needed to be performed to make the calculation implemen-
table for a common computer. The particle tracing modelling
is established based on the assumptions listed below:

1. The ESI ion source is in cone-jet mode, and the initial
size of the droplets is uniform in our simulation.

2. The effect of the droplet morphology on the evolution is
not considered, and they are all shaped in spheres in our
simulation.

3. The gas dynamic effect on the Rayleigh limit is not
considered.

4. The secondary rupture of progeny droplets is not under
consideration.

5. When Kn > 0.1, the droplet evaporation stops.

Particularly, assumption 5 needs to be clarified. According
to the value of Kn, the mass and heat transfer model of par-
ticles in the fluid can be categorized into 3 regimes:'® the con-
tinuum regime (Kn < 1), the transition regime (Kn—0 (1)),
and the free molecular regime (Kn > 1). In our simulation,
only the evaporation model in the continuum regime is
adopted (Stefan-Fuchs model'®). As the droplets become finer
(after coulombic fission events) and the air becomes thinner
(Kn > 0.1, near the transition regime), the evaporation rate
rises dramatically’® and the droplets may turn into vapor
utterly in an extremely short time (the evaporation stops). In
this case, to reduce the computational burden, it is unwise to
continually estimate the evaporation using the models in the
transition regime, since only the statistically significant results
are of our interest. These droplets are regarded as solvent clus-
ters (evolved from residue droplets) or ion clusters (evolved
from progeny droplets) with constant mass and charge. When
these clusters reached the outlet of the transfer capillary, they
will be counted statistically as ion current or solvent current
(contamination). In this way, the transformation and anticon-
tamination efficiency of the API can be properly evaluated.
Besides, according to the calculated ion current, the ions will
be reemitted in the vacuum chamber, where their trajectories
are decided by ion optics (collision model) rather than the
drag force model applied for the droplets and clusters. The
theoretical and technical details about the simulation are
shown in the ESL.{

To verify the proposed model, the effect of sheath gas vel-
ocity on the ion formation was studied both numerically and
experimentally. The sheath gas velocity was set in the range of
0-70 m s~' and the other boundary conditions can be found
in the ESL{ The simulated background results are shown in
Fig. 2(a) (sheath gas speed = 70 m s ). According to Fig. 2(a),
in the spray area, the sheath gas flow is entrained in the hot
auxiliary gas flow and quickly heated to around 370 K, which
benefits evaporation. The gas is then accelerated rapidly
around the transfer capillary entrance due to the sub-atmo-
sphere pressure inside the capillary. As the gas speed inside
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Fig. 2 (a) Upper: the velocity field (Mach). Lower: the temperature field
(K). (b) The trajectories of the primary and progeny droplets in spray area
and capillary at different sheath gas. (c) The ion trajectory in the vacuum
chamber.

the capillary reaches 1 Mach, the choke flow is established.*®
At the same time, attributed to the continuous heat transfer
from the inner wall, the stagnation temperature of the flow in
the capillary increases up to 470 K. Entering the vacuum
chamber, the gas speed rapidly exceeds 1 Mach and forms a
supersonic expansion (maximum speed: 7.49 Mach) with a
sharp Mach disk and barrel shock.?

The solvent used in the particle tracing is set as a mixture
of water and methanol (50 : 50). The thermal parameters of the
solvent are illustrated in the ESIL.{ The flow rate of the ESI tip
is set as 10 uL min~" and correspondingly, the initial diameter
of the drops was estimated to be 4.17 yum."® The initial temp-
erature of the droplet was set as 297 K and the atmospheric
temperature was set as 300 K. The charge of the initial droplet
was set as 80% of the Rayleigh limit,"® which is approximately
9.5 x 107'® C. During each coulombic fission, each primary
droplet losses 2% of its mass and 15% of its charge, and
releases 8 progeny droplets of even charge and mass.'® The
initial droplets are released at the position 0.5 mm (the typical
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length of Taylor cone jet) away from the ESI tip.'”> The time
interval of the offspring events was set as 2.27 x 107 s (see S4
in the ESIt), and the corresponding ion current was around 50
nA. Fig. 2(b) shows the trajectory of the primary (blue) and
progeny droplets (red) at different sheath gas speeds (0 m s,
50 m 57, and 70 m s~ '). According to the results, the plume
structure is related to the sheath gas speed. Attributed to the
space charge effect (mainly formed by the primary droplets
with higher net charge), the plume is diffused radially and the
offspring droplets are repulsed outward (consistent with the
reported results'®). For the 0 m s~ case, most droplets are
ruined on the skimmer surface. For the cases of 50 m s™* and
70 m s~ ', the droplets are accelerated axially, the radial
diffusion is restrained accordingly and more droplets are
inhaled into the capillary inlet. Besides, in these cases, more
primary droplets that bring in contamination are also trans-
mitted. Fortunately, thanks to the off-axis configuration of the
H-ESI, some of these droplets are lost immediately on the
inner wall of the capillary due to their excessive inertia (magni-
fied in Fig. 2(b)), and this off-axis structure is actually func-
tioned as a filter of the droplet mass, which removes the heavy
droplets that are hard to be ionized. But for the 70 m s~ case,
too many droplets that could have been ionized were filtered
and lost. Then, those survival droplets in the capillary were
heated by the inner wall of the capillary, which quickened the
unleash of ions. Afterwards, the ion current and solvent
current were calculated (for sheath gas speed = 70 m s, the
values are 9.95 nA and 0.11 nA) and the ions are reemitted in
the vacuum chamber. To be consistent with the experiment,
the analyte was set as the protonated reserpine (C;3H4oN5Oq)
with m/z 609.28 and collision cross section®” 253.28 A% The
initial speed of these ions is set as equal to the flow speed,
which is approximately 500 m s~'. The trajectory and the vel-
ocity of the ions of the 70 m s™" case are shown in Fig. 2(c).
The final transmitted ion current was 5.54 nA, which means
the efficiency was 55.67%. In fact, almost all the ions are well
trapped by the RF field and the ion expiration essentially
happens on the aperture due to the space charge effect.
Finally, the total transmission efficiency under these configur-
ations can be calculated, which is 11.30%. The above discus-
sion suggests that the sheath gas speed is critical in balancing
the transmission and anti-contamination.

To validate the simulation, a homemade ESI-TOFMS plat-
form was established. The API of this platform is similar to
that described before in numerical modelling. A methanol
solution (50:50) containing 10 ng mL™" reserpine and 1 ng
mL™" ammonium acetate was utilized in the experiment. All
the solutions and analytes were purchased from Sigma (Sigma-
Aldrich, St Louis, MO, USA). The solutions were injected into
the ion source at 10 uL, min~" using a syringe pump. In this
experiment, the HESI was operated at 760 torr and the first
pumping stage pressure was maintained at 2 torr. Besides, the
sprayer voltage was set as 3200 V, the voltage of the transfer
capillary was 50 V, the aperture voltage was set as 25 V and the
RF voltage (peak-to-peak value) of the ion guide was 140 V (RF
frequency: 1 MHz, offset voltage: 35 V). The stainless transfer
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capillary (inner diameter: 0.35 mm, outer diameter: 1.56 mm,
length: 60.27 mm) is embedded in a copper block and heated
to 573 K. The sheath gas speed varies from 0 m s~ to 70 m
s~'. While adjusting the sheath gas speed, the intensity of pro-
tonated reserpine (m/z 609.27) and chemical noise were moni-
tored,?® in which the mass spectra are shown in Fig. 3(d). The
curves of the relative ion intensity of reserpine and noise at a
sheath gas speed 0-70 m s~ are shown in Fig. 3(a) and (b), in
which the blue curves are the data obtained in the experiment
and the red curves are those obtained from the simulation.
First of all, these curves indicate that the changing trend of
the intensity of reserpine and noise are similar at different gas
speeds, both in the experiments and simulations. As the
sheath gas speed increases from 0 m s™' to about 50 m s,
the intensity of both curves is rising steadily. This is due to the
radial focusing effect of the sheath gas, as introduced before.
When the gas speed reaches 60-70 m s, the ion intensities
dropped dramatically to about half of the initial status (0 m
s~"). As predicted before, in the spray area, the excessive
sheath gas speed will reduce the dwelling time of droplets and
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Fig. 3 (a) Relative intensity of the pronated reserpine (m/z 609) and (b)
the chemical noise at the sheath gas speed (0-70 m s™). (c) The relative
SNR of reserpine. (d) The mass spectra of reserpine at different sheath
gas speeds.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Communication

increase their velocity. Thus, the droplets with higher kinetic
energy will hit the inner wall of the transfer capillary straight
and the signal intensities will be diminished correspondingly.
Fig. 3(c) is the relative signal-to-noise ratio (SNR) of reserpine.
With the increase of gas speed, the SNR is rising concurrently,
which indicates that the chemical noise is inhibited by the
sheath gas. Similarly, as the speed approaches 60 m s, the
SNR declines suddenly. This can be explained by the fact that,
when the sheath gas speed is too high, the droplets entering
the capillary may encounter fewer fission events and thus
fewer gas phase ions will be released. It should be noticed that
the simulated curves are not reversed at exactly the same
sheath gas speed as observed in the experiments. This discre-
pancy can be aroused by: 1. Errors in evaluating the size of
initial droplets. 2. Errors in calculating the thermal dynamic
properties of droplets. 3. The introduction of the Reynolds
average Navier-Stokes turbulence model. 4. The calculation
errors introduced by the meshing process, choice of discretiza-
tion scheme, and boundary conditions. 5. The geometric dis-
crepancies between the computation model and the real
device in the experiment. Although the model is simplified
and slightly different from the real situation, the discussions
above suggest that the numerical modelling agrees well with
the experiments.

In this research, for the first time, a droplet-to-ion trans-
formation in the API of ESI-MS is simulated and visualized. In
particular, the evaporation-driven coulombic fission of
charged droplets is solved in accordance with the particle
motion. Combining the droplet tracing and ion optics model,
a comprehensive and consecutive numerical modelling of the
droplet evolution is enabled and validated experimentally.
This model provides a more insightful and systematic expla-
nation of the behaviour of the droplets as well as the ions
within a specified API and is more promising in evaluating the
performance of ion source and API designs than the tools that
existed.
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