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Abstract

The composition of outer drop layers has been
associated with distinct chemical reactivity. We
use atomistic modeling to examine how the
composition of the surface excess charge layer
(SECL) is related to the ejection mechanisms
of ions. Even though the drop disintegration
is inherently a non-equilibrium process we find
that the equilibrium ion distribution in SECL
predicts the ions that are ejected. The escape
of the ions in aqueous drops takes place from
conical protrusions that are global drop defor-
mations and their appearance is independent
of the location of a single ion. Our results are
consistent with the equilibrium partition model,
which associates the mass spectrum with the
distribution of analytes in the drop’s double
electric layer. We present evidence that atom-
istic simulations of minute nano-drops cannot
distinguish Rayleigh fission from the ion evap-
oration mechanism.

Introduction

Highly charged drops are a key constituent of
thunderclouds® and man-made aerosols, the ap-
plications of which include ink-jet printing,?
mass spectrometry ionization methods,* ! and
the emerging area of micro-reactors.'? 'Y How-

ever, knowledge of the charge transfer mecha-
nisms in the distinct micro (nano)-drop envi-
ronment is still limited.?°

In the context of aerosol-based ionization
methods in mass spectrometry it has often been
suggested that the drop chemistry determines
the final charge state of the macroions reported
in the spectrum.?! 23

In previous research we have investigated the
drop composition and electric properties using
atomistic modeling.?* 27 In this article, we re-
late the equilibrium drop structure to the pref-
erential ion ejection when a mixture of ions are
present. Additionally, it is shown that direct
molecular dynamics simulations of minute nan-
odrops do not provide sufficient evidence for
the validity of the ion-evaporation mechanism
(IEM).%{)’O

The relation of the structure of a charged drop
with the ion ejection has been a central question
over several decades in mass spectrometry and
atmospheric chemistry. The equilibrium parti-
tion model (EPM) of C. Enke hypothesizes two
regions in a drop, a core region, and an outer
region that carries the surface charge.3!3? The
model infers by comparisons with experiments
that the species seen in the mass spectrum are
those that make up the surface charge. Since
EPM is a macroscopic qualitative model, it can-
not directly provide the thickness and composi-



tion of the surface excess charge layer (SECL)
as well as it cannot test the hypothesis that the
composition of SECL determines the mass spec-
trum. Surprisingly, it is only recently that the
structure of a highly charged nanodrop was an-
alyzed by using atomistic simulations.? 2" In
earlier studies the continuum modeling of the
charge distribution in non-evaporating drops
that was performed by our group?? and recently
by the Zare group* are in excellent agreement.
In the studies, we consider drops that contain
several single ions. The maximum amount of
charge a drop can hold just before spontaneous
fragmentation is estimated by the Rayleigh
limit.?3% We define this limit by using the
Rayleigh fissility parameter (X) given as
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where () is the drop charge, v the surface ten-
sion, €p and R are the permittivity of vacuum
and the radius of the drop, respectively. When
X =1 the system is at the Rayleigh limit. The
drop radius at the Rayleigh limit will be de-
noted as R, and the corresponding charge Q.
Therefore, X can also be expressed by the sec-
ond equality in Eq. 1. At X < 1 the drop is
said to be “below the Rayleigh limit”, while at
X > 1 issaid to be “above the Rayleigh limit”.
When X < 1 the drop is in a metastable state
the lifetime of which is determined by the de-
gree of deviation from the Rayleigh limit. An
uneven breaking of a drop is energetically fa-
vorable. 3

Here we summarize the general features of the
structure of a charged drop. In the charged
drops, we have identified the surface excess
charge layer (SECL) and the maximum ion con-
centration region (MICR). The trend that we
have found in previous studies?%2” of drops of
different sizes and ions indicates that the pres-
ence of SECL with thickness 1.5 nm-2.0 nm is
a robust feature that spans the entire range of
drop sizes including the micro-drops. Simula-
tions of drop sizes with a diameter < 16 nm
with Na™ or C1~ ions have shown that 55%-24%
(from a larger to a smaller drop) of the ions re-
side in SECL. The charge distribution in SECL

is the sum of the ion charge (free charge) and
the solvent polarization. The larger the drop,
the smaller the effect of the ions in the solvent
polarization.

Toward the interior, the ion distribution is
expected to show an exponential decay as it
is predicted by the solution of the Non-linear
Poisson-Boltzmann equation (NPB) for a rigid
spherical drop.2%26:33 The characteristic decay
length?5:26:33 is expressed as
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where kg is Boltzmann constant, 7" is tempera-
ture, € is the permittivity of water and o = ﬁ‘;
for ions of charge +1e, where e is the charge of
the electron, |Z| is the absolute value of drop
charge in units of e. Here the assumption is
that there are no counterions. For the drop
comprised 3 x 10* H,O molecules and 44 Na™
ions (radius equal to 6.08 nm) Apg = 1.08 nm if
we consider a dielectric constant (experimental)
e~ 61.7 at T'= 350 K.

We have identified MICR as the region in the
ion radial distribution that is delimited by a
straight line parallel to the x-axis that starts
from the ion distribution point with abscissa
Tmax — ApB (Where ry,., is the distance where the
maximum ion concentration is found) and inter-
sects outward the ion distribution. The larger
the drop, the larger the Apg value (because the
surface charge density decreases), the slower the
decay of the charge distribution. The maximum
of the ion concentration decreases with size.
The presence of counterions increases the con-
centration of the excess ions on the drop outer
layers.?® As the size of the drops decreases,
SECL becomes comparable in size to MICR.
In drops composed of ~ 1000 HyO molecules
(radius ~ 2 nm) App is comparable to the drop
radius, and for this reason the radial ion distri-
bution is nearly uniform.

A drop disintegrates via solvent evapora-
tion and ion ejection. Ion ejection may take
place either via a Rayleigh mechanism?® or ion
evaporation.?®? The Rayleigh mechanism in-
volves the release of a substantial amount of
charge from jets formed on the drop. IEM




has been defined as the release of a single
solvated ion from the parent drop before the
Rayleigh limit is reached. Brilliant macroscopic
models of the ion-evaporation mechanism have
been developed by Iribarne-Thomson?% and
Labowsky-Fenn-de la Mora. 304 Hereafter, the
latter model will be referred as Labowsky et
al.. Both models consider a charged spherical
drop at equilibrium and, they treat the release
of a single ion by first order kinetics. In the
kinetic equation the total concentration of the
ions in the drop is considered. The models treat
differently the activation energy barrier but in
both, the backbone of the analysis is based on
the drop’s surface energy and Born solvation
energy of the ions. It has been supported ex-
perimentally that IEM occurs in drops with a
radius less than 10 nm. Details about the effect
of the charge sign on the drop size at which IEM
dominates are presented in the study of Iribarne
and Thomson.?® Gross et al. have proposed an
intuitive qualitative model of how IEM may ex-
plain the charge states of macromolecules.4!42
This model supports that the emission of small
charge carriers from the surface of a droplet
can occur when the electric field at the surface
exceeds the critical electric field strength of a
charge carrier, which depends on its solvation
energy.

Models
Methods

and Simulation

Equilibrium simulations of drops

We performed molecular dynamics (MD) simu-
lations of charged drops comprised (a) water
and Na®, Cs*, LiT and protonated histidine
(His™) ions and (b) solvents with a dielectric
constant less than that of water and Na™ ions.
Details of the systems are presented in Table 1.
The simulations were performed by using the
software NAMD version 2.12.%% Newton’s equa-
tion of motion for each atomic site was inte-
grated using the velocity-Verlet algorithm with
a time step of 1.0 fs. The trajectories were ana-
lyzed using VMD 1.9.2.%* The production runs
are for 40 ns for each system.

The water molecules were modeled with
the TIP3P (transferable intermolecular po-
tential with 3 points)®® -CHARMM and
the TIP4P/2005% and the ions with the
CHARMM36m*™*® and OPLS (Optimized
Potentials for Liquid Simulations),?%%° re-
spectively. The TIP3P-CHARMM is a
m(odified) TIP3P, which is the original TIP3P
with Lennard-Jones potential on the hydrogen
sites. Hereafter, we will use the notation TIP3P
for this water model. In the water-histidine
systems the charge carriers are single proto-
nated L-histidine mono-peptides, where the
N-terminus is acetylated and the C-terminus is
capped by N-methylamide. In this work, we
define the position 2 carbon on the imidazole
ring as the location of the positive charge as
it is approximately the center of the resonance
structure.

The structure of sodiated drops comprised
acetonitrile (ACN), methanol (MeOH), 1,1-
dichloroethane (DCLE) and a mixture of water-
acetonitrile was studied (Table 1). The number
of molecules in these drops was determined so
as for all drops the equimolecular radius?’ is ~
3.5 nm. The organic molecules were modeled
by using the Charmm GENeral Force Field.?!
The dielecric constant and surface tension for
the bulk solution were computed and are pre-
sented in Table S1 in SI.

In all the systems, all the forces were com-
puted directly without any cut-offs. Equilib-
rium simulations in NAMD were set by placing
the drop in a spherical cavity of radius 20.0 nm
by using spherical boundary conditions. The
cavity was sufficiently large to accommodate
the shape fluctuation of the drop. The drop will
eventually reach vapor pressure equilibrium.
The systems were thermalized with Langevin
thermostat with the damping coefficient set to
1/ps. The Rayleigh limit of the drop (X =1 in
Eq. 1) was calculated with the surface tension
values of the water model used at the simula-
tion temperature.®? Specifically, for TIP3P at
T = 300 K the value of surface tension is taken
to be 0.0523 N/m and at T" = 350 K to be
0.0432 N/m.



Table 1: Systems studied, characteristic dimensions and concentrations. ny,o denotes
average number of water molecules and n; number of ions in the drop during the
production runs. R, [nm] is the equimolecular radius, computed by using density of
the TIP3P model at 350 K to be 0.9539 g/cm>. 7., [nm] is the distance from the
drop COM to the maximum of the ion concentration profile. App is given in Eq. 2,
and the dielectric constant was computed for the solvents used (Table S1). X is the
fissility parameter of the simulated drop (Eq. 1). “Range” [nm] denotes the interval
defined from the drop COM in which the surface excess charge is located. n., is the
number of ions in SECL. Details are presented in the text. Csgcr, [Molarity] is the ion
concentration in the surface excess charge layer.

NH,0 ny R, X Tmax APB Range Nout Csgcr,(mol/L)
6 x 103 19Na®™ 3.55 0.85 2.65-2.70 1.41 2.6+0.1-4.4 10.6+0.6 0.062 £0.004
6 x 103 16His™ 3.55 0.62 2.85-2.90 1.68 2.840.1-4.6 8.4+0.6 0.044 £0.002
2 x 10% 36Na™ 5.31 0.92 4.30-4.35 1.67 4.4+0.1-6.1 13.5£1.0 0.038 £0.003
2 x 10* 36Cs™  5.31 0.92 4.40-4.45 1.67 4.4£0.1-6.1 13.7£1.0 0.038 £0.003
2 x 10 35Lit  5.31 0.92 4.60-4.65 1.72 4.440.1-6.1 15.840.8 0.044 40.002
2000 ACN _ 14Na® 347 066 250255 0323 2410146 9.6+06 0.045 £0.003
1500 ACN - 16Na®™ 3.47 0.86 0.80-0.85 0.512 - - -
1500 TIP3P
1300 DCLE  9Na®™ 349 0.40 2.50-2.55 0.192 - - -
2600 MeOH 13Na®™ 3.47 0.72 2.60-2.65 0.466 2.4+0.1-4.6 9.3+£0.6 0.044 £0.003
Ion-ejection simulations from  within a spherical cavity of radius 20 nm. The

aqueous drops with a mixture of
ions

Equilibrated drops comprised 5880 HO
molecules - 10 Na™ ions - 10 Li" (or 10 Cs*)
ions at a temperature 290 K, 300 K, 310 K and
320 K and 330 K were prepared. The ejection
of the ions was examined by performing direct
MD runs. The software used and details of the
MD runs are the same as that described in Sec.
“Equilibrium simulations of drops” except that
the electrostatic interactions were treated with
the multilevel summation method.??

Drop disintegration simulations at
elevated temperature

Evaporation runs were performed for four sys-
tems, for which their initial configurations com-
prised (a) ~ 3% 10* H,O molecules, 67 Na* ions
and 23 Cl  ions; (b) same as (b) but with Li*
ions; (c) ~ 4 x 10%> HyO molecules - 13 Na™
ions; (d) same as (c) but with Li* ions. The
initial configurations were equilibrated at 350 K

system was re-thermalized at 450 K before the
spherical cavity was removed to let the drop
evaporate in vacuo. The system temperature
was maintained at 450 K for the duration of the
production run. The software used and details
of the MD runs are the same as that described
in Sec. “Equilibrium simulations of drops”.

Results and Discussion

Abundance of ions in SECL and
ejection mechanism

Figure 1 (a) shows the radial distribution pro-
files of ions and water molecules in drops com-
prised 2 x 10* HyO molecules and 36 Na™, 36
Cs™ and 36 Li" ions. The profiles have been
normalized by dividing the raw histogram data
with the volume of a spherical shell (37[(r +
dr)? —r3] where 7 is the distance from the drop
COM). A common feature in all the distribu-
tions is that they show a fast exponential decay
from their maximum (at 7ynay) followed by a
slow decay toward the drop COM. Even though
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Figure 1: (a) Nat (blue), Cs™ (red), Li* (black)
radial concentration profiles vs distance from
the drop COM for systems comprised 2 x 10%
H,0O molecules and 36 ions at T' = 350 K. The
water density is shown by the dashed line and
measured in the left axis. The vertical black line
marks the distance at which the charge distri-
bution starts to build-up. The horizontal line
shows the bulk concentration. (b) Total charge
(from the hydrogen, oxygen and ion sites) dis-

tribution as a function of distance from the drop
COM.

Apg (Eq. 2) is an estimate arising from the so-
lution of the non-linear PB equation for a rigid
geometry, it predicts well the rapid decay in the
systems that we have examined thus far. The
maximum of the Li* distribution is more dis-
tant from the drop COM than those of Na™
and Cs™ ions. We attribute this difference to
the fact that Lit tightly bounds its first hy-
dration shell, thus the ion is effectively larger
than the Na™ or Cs™ ions.?® The horizontal
line (Fig. 1 (a)) marks the bulk concentration,
which is simply estimated by the number of ions
divided by the volume of the drop (with R, ra-

lon molarity [M]

dius).

Figure 1 (b) shows the radial total charge dis-
tribution. The vertical black line marks the dis-
tance at which the charge distribution starts to
build-up. We find that for Na®t and Cs™ ions
the 62% of the total number of ions reside in
MICR, which is in the interval 3.3 nm-4.7 nm.
The excess number of ions relative to the bulk
value is 3.5 ions. For Li* ions MICR (which
is in the interval 4.0 nm-4.9 nm) includes 41%
of the total number of ions. Lithium concen-
tration is lower than that of Na™ and Cs™ ions
because it has a higher concentration in SECL.

SECL starts approximately at the maximum
of the ion distribution for Nat and Cs* and in-
cludes 38% of the ions. For Li" ions the maxi-
mum of the ion distribution is within the SECL,
and it contains 45% of the ions. The combina-
tion of data from previous studies?® and the
current study shows that the larger the drop,
the smaller the concentration of ions in MICR
and SECL when counterions are not present.

Often, the width of the air-water interface is
described by the “10-90” thickness rule.%® For
pure water it is approximately 3A -4A.6! In the
charged drops the width of this region is ~ 8 A
and it is determined by shape fluctuations. The
width of SECL is broader than the 10-90 in-
terface. Suppression of the shape fluctuations
does not affect the decay of the ion distribution.
Simulations that we performed in confined lig-
uid with ions in a spherical rigid geometry show
similar decay toward the drop interior (Fig. S1
in SI).

The radial ion distribution profile of a drop
comprised 6 x 103 HoO molecules - 16 His™ ions
was also computed (Fig. S2 in SI). We note that
long-lived metastable drops with His™ have less
charge than the corresponding sodiated drops,
which indicates that His™ reduces the surface
tension of the aqueous drops more than the Na™
ions. The profile of Hist shows that the ions
are accumulated in MICR. We think that the
higher concentration of His™ in MICR shows
the effect of the size of the ions in their location.

The different locations of ions in SECL raises
the question of how the equilibrium structure is
related to their order of ejection. To examine
this question we performed simulations of aque-
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Figure 2: (a)-(d) Schematic sequence of events
that lead to the ion release. The grey spheres
represent the ions. The region between the in-
ternal circle and the outer line represents the
SECL (details in the text).

ous drops with mixtures of ions at 7" = 300 K,
310 K, 320 K and 330 K. The simulations
consistently showed that solvated Li™ ions are
ejected first. The ejections take place as a single
solvated Lit ion at 7 = 300 K and 310 K. At
T = 320 K it is possible that two solvated Li*
ions are released almost simultaneously from di-
ametrically opposed conical protrusions. A typ-
ical snapshot of concurrent ejections of two sol-
vated Li" ions is shown in Fig. S3 in SI. The for-
mation of the two opposed cones is reminiscent
of the jets that have been observed in Rayleigh
fission.52%* The drops that we study are not
large enough to demonstrate the continuous
ejection of ions from the cones as it is found
in experiments. %2 %4 We attribute the formation
of two cones to the fact that at the higher tem-
perature, the surface tension of the systems is
reduced, which may render the system slightly
above the Rayleigh limit. At T = 430 K, out
of 5 runs, 3 of them had Li" ejected first, and
2 of them had Na™ ejected first. We infer that,
the higher the temperature the less the nature
of the ion affects the order of ejection.
Simulations of drops with a mixture of Na*t
and Cs™ ions show that they are released with
almost the same frequency (Na™ is released first
marginally more frequently than Cs*), which
may be a consequence of the identical ion dis-
tribution profiles (Fig. 1). The simulations in-
dicate that at the lower temperature the ions in
abundance within SECL are released first. The

most abundant species in SECL are simultane-
ously, the species that are nearest to the drop
surface. The solvation energy of the ions does
not reveal the depth in which they are found
from the interface. Contrary to the frequently
used non-equilibrium molecular dynamics tra-
jectories in computations related to the analy-
sis of the mass spectrometry signals, the present
study demonstrates the significance of the drop
equilibrium structure in determining the ion
ejection mechanisms. Our finding provides the
first evidence of the role of the composition of
SECL in the mass spectra, which is consistent
with the EPM principles. EPM does not con-
sider the temperature effect, which may change
the statistics of the first ion ejection.

Now, we analyze the ejection mechanism.
A charged droplet close to the Rayleigh limit
spontaneously develops protuberances similar
to the Taylor cones.% The solvent shape fluc-
tuations are persistent structures that may or
may not contain charged ions. The cones are
in general the locations from where the ions are
ejected.

The ejection mechanism follows distinct
steps, shown schematically in Fig. 2. The drop
undergoes large shape fluctuations that involve
the formation of transient cones (Fig. 2 (b)).
The cones are the results of global shape fluc-
tuations. The global nature of the shape fluc-
tuation is shown by the fact that if the electro-
static forces are truncated to a distance smaller
than the drop radius, the conical shapes do
not appear. An ion may diffuse within the
cone (Fig. 2 (¢)). Once the ion diffuses within
the cone it travels toward the tip from where
it is released as a small cluster with water
(Fig. 2 (d)). In summary, ion ejection takes
place when there is a co-operation of events:
a cone appears in a location where within its
life-time an ion can enter it either by diffusion
or by shape fluctuations that engulf the ion in
the cone. On the average, LiT is released with
17 HyO molecules, Na™ with 14.8 and Cs™* with
16.

We have analysed the dynamics of the pro-
tuberances shown in Fig. 3. The drop com-
prises 5880 TIP3P H,O molecules, 10 Cs™ ions
(shown in violet) and 10 Na® ions (shown in



Figure 3: A typical snapshot of a droplet with
an emerging conical fluctuation. The drop com-
prises 5880 TIP3P water molecules, 10 Cs™ ions
(shown in violet) and 10 Na® ions (shown in
yellow).
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Figure 4: The normalized radial distribution
function of the centres of mass of the water
molecules corresponding the the system shown
in Fig. 3.
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Figure 5: Autocorrelation function (ACF) of a
shell state variable. The decay is the result of
molecule diffusion across the shell boundaries as
well as transfer across shells due to some other
mechanisms.
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Figure 6: The first relaxation rate of the ACF
shown in Fig. 5 as a function of shell position
(details are presented in the text).



yellow). The system temperature is kept at
330 K. A typical conical formation is clearly
seen in the upper right corner of the snapshot.
Two ions are present at the foundation of the
cone. Monitoring of this cone shows its disap-
pearance within 20 ps without subsequent ion
ejection event.

In Fig. 4 we plot the radial distribution func-
tion (rdf) of the water molecules’ centre of mass
obtained during a segment of 1 ns production
run. No ion evaporation events were observed
during this run. The rdf shows the uniform sol-
vent distribution in the core of the drop and
tapered slope at the edge of the drop. The
slope is the result of the shape fluctuations of
the drop and does not indicate a decrease of
the solvent density close to the surface. The
vertical lines indicate separation of the drop in
equimolar shells at {Ry,...,R,}. Every shell
Ry > ||r|| < Rgy1 contains the same number of
molecules.

We constructed a state variable for each of

the shells

1 Ry < |lr(t)ill < Ripa
0 otherwise

A(xi(t)) = { (3)

where x; is the position of the center of mass
of an i-th solvent molecule. We calculated the
corresponding auto-correlation functions

ACF(7) = (At + T A (0))  (4)

A typical auto-correlation function corre-
sponding the region close the drop surface is
plotted in Fig. 5. We numerically fitted the
decay function to the following approximation
using the R statistical analysis package®

ACF,(T) ~ ce VT 4 (1 —c)e ™ (5)

The first term corresponds to a diffusive trans-
fer of molecules across the shell boundaries
and the second term corresponds to a regular
Markov process. The fit captures the general
shape of the ACF decay indicating that the
above two mechanisms account for the solvent
transfer between the shells.

In Fig. 6 we plot the first relaxation rate r; as
a function of the shell position. In the plot, we

observe that for the region, where the conical
shape fluctuations are observed, the first relax-
ation rate has small values. This may account
for a long life of the emerging protuberances.

The finding of the cones is consistent with
our previous research where we approached the
problem of the ion release from drops using a
different methodology.?* In that study, we com-
puted the free energy of detachment of a sol-
vated ion from a parent drop along a collective
reaction coordinate, which takes into account
the position of all the solvent molecules and
ions. We found that an ion may be ejected
from a conical formation that corresponds to
the barrier top of the free energy profile along
this reaction coordinate.?47

Generally, from the simulation studies we can-
not infer whether the release of ions from small
nanodrops follows the ion evaporation mech-
anism?® 30 (IEM) or Rayleigh fission. It has
been found in experiments that Rayleigh fis-
sion of aqueous microdrops releases 20%-40%
of charge.%® In a drop of up to a few thou-
sands of water molecule, this percentage cor-
responds to only a few ions. The scaling of the
data implies that the observation of the single-
ion ejection from a minute nanodrop does not
warrant an IEM mechanism. Our view is dif-
ferent from that that has been presented in the
literature.®® We elaborate more on this point
in the next section. We have also observed in
simulations (see Table 1 and Ref.?%) and we
justify it in the Appendix that the smaller a
drop the smaller the X value in which it set-
tles in a quasi-equilibrium (metastable) state.
The fact that a drop of a few thousand of water
molecules ejects ions below the Rayleigh limit,
is consistent with the Rayleigh fluctuations (see
Appendix), therefore, the ejection of ions can-
not be differentiated from a Rayleigh mecha-
nism.

Gross et al. have attributed the ion ejection
to a droplet electric field that overcomes the ion
solvation. 42 Our simulations suggest that the
ion distribution in SECL in combination with
the formation of the cones lead to the ion ejec-
tion.
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Figure 7: Drop radius that divides in half the
number of ions as a function of the solvent’s

dielectric constant. The systems are presented
in Table 1.

The Na* radial ion distribution in drop with
lower dielectric constant than water were com-
puted. All the systems have approximately the
same R, (Table 1). It is found that regardless
of the dielectric constant the distance that di-
vides the 50% of the ions is the same. Among
all single-solvent drops we have tested, the sol-
vent density dies off to 5 x 107 g/em? at ap-
proximately 1.9 nm from the Nat concentration
maximum.

The charge distribution profile in these drops
was examined (Fig. S4, S5, S6 in SI). An un-
dulated function appears when the solvent den-
sity sharply declines in the acetonitrile drop and
the methanol drop. In both drops, the charge
minimum and maximum appear at 2.8 nm
and 3.6 nm, respectively. Compared with
the aqueous drop with similar volume (com-
prised & 6000 H,O molecules), the charge min-
imum in acetonitrile drop is closer to COM and
the maximum is located at almost the same
place.?> However, a undulated function is not
found in the total charge profile of the 1,1-
dichloroethane drop, and therefore, only a max-
imum is observed at 3.2 nm.

Figure 8 (a) - upper panel shows the radial
ion distribution, the acetonitrile partial den-
sity profile, the water partial density profile
and the Na' charge profile for a drop of 1500
CH3CN molecules, 1500 H5O molecules and 16
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Figure 8: (a) Same as Fig. 1 but for a drop
(R. ~ 3.5 nm) comprising acetonitrile, water
molecules and sodium ions at 300 K. (b) Typi-
cal snapshot of Nat (blue sphere) ejection from
a HyO (red colored core)-ACN (light blue col-
ored outer layer) drop.

Na™ ions. The partial density of water is calcu-
lated by considering only water molecules and
excluding the acetonitrile molecules in the com-
putation of density, and vice versa. Therefore
the actual density is the sum of the partial den-
sities of TIP3P and acetonitrile. The partial
density of HyO in the interior part of the drop is
higher than in the outer part, while the density
of CH3CN follows the opposite trend. Contrary
to the acetonitrile drops, the Na™ ions tends
to be located in the interior part of the drop



and its concentration reaches its maximum at
about 0.8 nm from the COM, where the par-
tial density of water is higher than the partial
density of acetonitrile. The density in this drop
dies off to 5 x 107 g/cm? at approximately 3.7
nm from the Na®™ concentration maximum.

Figure 8 (a)-lower panel shows the charge dis-
tribution profile in the drop. The total profile
is dominated by a positive peak. An incipient
negative trough appears at ~ 2.8 nm.

The ejection of ions is shown in Fig. 8 (b).
The water molecules make a path within the
ACN for the ion to be released.

Limitations of atomistic sim-
ulations in detecting IEM

Simulations were performed at elevated temper-
ature in order to examine the relation between
the ion-ejection mechanism and the structure
of the drop outer layer when the solvent evap-
oration rate is higher than the ion diffusion
rate. Accumulation of analytes on the drop sur-
face because of rapid solvent evaporation has
often been speculated to explain the mecha-
nisms by which the species detected in mass
spectrometry are formed. Higashi et al. have
performed atomistic simulations at T = 460 K
of charged nanodrops comprised 2500 and 1000
H,0 molecules, Na*t ions and Cl~ ions in order
to provide direct evidence of the IEM.% Tem-
perature determines to a great extent the events
in a drop’s lifetime. Even though temperature
of T'= 460 K in simulations appears to be high
it is still not clear whether it is unrealistic be-
cause of conflicting experimental data on drop
temperature. 07!

In general, drop temperature will depend on
the details of the instrument and the specific
experiment. A drop within a background gas
and a partial pressure less than the equilibrium
vapour pressure, will cool down due to evap-
oration. Antoine et al. have found by using
laser-induced fluorescence and Mie scattering
measurements that the temperature of electro-
sprayed microdrops increases to 307 K.”™ The
increase is attributed to the conductive thermal
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transfer with the sheath gas. Cook et al. use a
different experimental set-up and they find that
microdrops cool initially by 30 K.” Beauchamp
et al. have noted that time required for the
velocity redistribution between the drop outer
layers and deep interior may lead to a colder
surface. %7 In the small nano-drops, the veloc-
ity redistribution will be rapid, thus a uniform
temperature can be established.
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Figure 9: Water density and ion concentration
profile of the drop comprised (a) 67 Na®t-23 Cl~
ions and 2.84 x 10* — 3.03 x 10* H,O molecules
averaged over a time period of 1.409 ns; (b) 51
Na* 23 C1™ ions and 1.38 x 10*—1.51 x 10* H,O
molecules averaged over a time period 1.851 ns.

In our simulations we choose as an initial
condition a configuration taken from the equi-
librium ensemble. The simulations have been
performed by placing the drop in vacuo and
thermalizing it at 7" = 450 K. In order to an-
alyze the location of ions in a rapidly evap-
orating drop the trajectory of the simulation
was separated into blocks between ion evapora-
tion events. In the blocks the number of H,O
molecules and ions in the drop does not change
considerably. The radial ion distributions and
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Figure 10: Evolution of an evaporating drop
composed of 3 x 10* HyO molecules - 44 Na™
ions - 23 NaCl pairs at T = 450 K. (a) Evolution
of the number of HyO molecules and drop the
charge (b) Fissility parameter (X)) as a function
of time.

the water denisty in representative blocks are
shown in Fig. 9.

At T = 450 K, the average water density in
the interior of the water is 0.89 g/mL, which
is significantly lower than the water density
at room temperature. The water-air interface
is significantly wider ~ 3.0 nm compared to
1.5 nm-1.7 nm at 7" = 350 K. The distance
between the water density and the ion concen-
tration profile in the 10-90 interface gradually
decreases as the drop shrinks. This increase in-
dicates that the rate of solvent evaporation is
higher than the rate of ion diffusion.

Figure 10 (a) shows the evolution of drop size
and charge as a function of time and Fig. 10 (b)
the time evolution of the fissility parameter.
The trend is the same in drops comprised 3 x 10*
and 4 x 10% H,O that we investigated (Fig. S7,
S8 in ST). However, the smaller drop may reach
states with X = 1.2 relative to the larger drop
that reaches states with X = 1.6. Interestingly,
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the drops with Na™ and Li™ ions show the same
fragmentation pattern. This is in agreement
with the Rayleigh continuum model that does
not differentiate the nature of the ions. These
findings show that the drops can be found tran-
siently above the Rayleigh limit before they
fragment. We note that IEM should occur be-
fore the Rayleigh limit, therefore, IEM cannot
be the mechanism that is followed when drops
are found above the Rayleigh limit.

Transient drop states above the Rayleigh
limit have been detected in experiments.
Beauchamp et al.” have reported that
methanol microdrops with a small percentage
of certain additive may fragment in a range
of 112%-135% above the Rayleigh limit. This
range corresponds to fissility parameter 1.25-
1.825. Beauchamp et al.%®7 consider the tem-
perature of the drop to be that of the back-
ground gas, which is reported to be as high
as 328 K. This temperature is close to the
boiling point of methanol, which is a quite el-
evated temperature for the drops. Therefore,
the conditions reported by Beauchamp et al.™
for methanol drops likely cause faster solvent
evaporation than ion diffusion to equilibrium
positions. We propose that in addition to the
temperature of the background gas, friction is
another factor that may lead to an increase in
the drop temperature.

Now, we examine the reason that drops can
transiently reach states above the Rayleigh
limit. At the elevated temperature the Rayleigh
limit may not hold because there is no surface
tension since the drops are found at a temper-
ature above the solvent’s boiling temperature.
The H2O molecules are highly polarized in a
thick outer drop layer. This layer creates a
cage for the ions that delays their release. In
this study, we examined the manner in which
ions are emitted from the conical protrusions
that appear on the drop surface at T' = 300 K-
330 K. This observation is also supported by
other works that they have found experimen-
tally and computationally that conical drop de-
formations of a neutral drop in an external elec-
tric field™ or via Rayleigh mechanism5%6* play
a key role in the release of ions. In the high
temperature, incipient cones rapidly undergo a



death and birth process in different locations on
the drop surface. The ions do not diffuse fast
enough to enter the cones. Therefore, one of
the release mechanisms for ions is less likely to
be followed.

Higashi et al. have found excellent agreement
of MD simulations evaporation simulations at
T = 460 K with the Labowsky et al. model3° of
IEM. 5 The simulated drops comprise 2500 and
1000 water molecules with Na® and Cl™ ions
at a concentration that the solution is super-
saturated. In light of our findings, the agree-
ment between simulations and the Labowsky et
al. model gives rise to a striking paradox. The
main assumptions of the Labowsky et al. model
are that (a) the free energy of activation arises
from the Born ion solvation model and surface
energy, which are equilibrium quantities, (b) all
the ions are on the surface and (c) the charge of
the ions is screened by the solvent, thus every
solvated ion is not affected by the charge of the
other ions. Under the conditions of the simula-
tions® the assumptions of the Labowsky et al.
model may not hold because (a) as we showed
at 450 K the ion distributions do not relax to
equilibrium when solvent evaporation is faster
than the diffusion of ions toward the drop inte-
rior. (b) in solution of high ion concentration
as that of the simulations, ions share their sol-
vation shell, thus, these solutions are character-
ized by low dielecric constant and the charge of
the ions may not be screened by water in the
smallest drops of 1000 H,O molecules. 277480
(c) Here we showed that small drops at elevated
temperature can be found above the Rayleigh
limit, which contradicts the fact that IEM takes
place below the Rayleigh limit.

In summary we demonstrate that simulations
under conditions where the solvent evapora-
tion is faster than the ion diffusion can lead to
transient above the Rayleigh limit drop states.
This finding may provide insight to experimen-
tal observations that find drop states above the
Rayleigh limit before fragmentation. Simula-
tions of release of ions from small nanodrops at
elevated temperature cannot provide evidence
that an ion-evaporation mechanism and its con-
tinuum modeling hold.
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Conclusion

The relation between the ion composition of
the electric double layer in drops and the ion-
ejection mechanisms was examined. A distinct
example is the order of ejection of Lit, Na™ and
Cs™ ions from drops with a mixture of ions. The
SECL is enriched in Li" ions relative to Na™ at
the same concentration. In evaporation runs, at
a temperature range of 300 K-340 K Li'" ions
are ejected earlier. This finding is consistent
with the equilibrium partition model (EPM) of
C. Enke. We observed that the higher the tem-
perature the less the nature of the ion affects
the order of ejection. The lower the dielecric
constant of a solvent, the wider the the SECL
is. In a mixture of solvents, CH3CN-H,0O with
Na™ ions, the water is found in the drop cen-
ter and contains the ions. The ions are released
by the penetration of a water string within the
CH3CN outer layer, that provides the path for
their release.

Rapid evaporation of charged drops consis-
tently show that the systems can be transiently
found above the Rayleigh limit before they frag-
ment. We attribute the delay in the ion release
to two factors (a) the Rayleigh theory may not
hold under the elevated temperature because
the surface tension is not defined under these
conditions (b) the short life-time of the coni-
cal deformations on the drop surface relative
to the diffusion time of the ions to the coni-
cal tips prevents the ions from following one of
their ejection paths, which is prevalent at lower
temperature. This finding may provide insight
to experiments that have detected drops above
the Rayleigh limit before their fission.

The small drop size or enrichment of the
outer solvent layers in ions under rapid evapora-
tion signals caution when simulations of minute
nanodrops at elevated temperature are used to
validate models of the ion-evaporation mecha-
nism. % When evaporation is fast ions reside in
non-equilibrium positions in the drop periph-
ery. Thus, their solvation does not obey the
Born solvation model that underlies the ion-
evaporation models.

In nano-drops, there is a distinct MICR and
a SECL which overlap. The concentration of



ions in MICR and SECL is higher in nano-drops
than in micro-drops but the presence of counte-
rions may increase the excess ion concentration
in these layers. SECL is the layer where chem-
ical reactions that occur in the interface with
vapor may couple to the drop shape fluctua-
tions. This coupling may play a more signifi-
cant role in mesoscopic drops. The composition
of SECL also determines the type of ions that
are ejected. Thus, SECL composition should
be taken into account when examining release
of small ionic species that are detected in mass
spectrometry.

Although in principle atomistic simulations
appear to be the method that allows for the
direct capture of the fission events, they may
be misleading because the final residue of non-
equilibrium molecular dynamics trajectories de-
pends on the history of the drop. We have ar-
gued in previous articles that drops of diameter
of at least 20 nm should be simulated in order
to determine the solvation and charge states of
macromolecules. 2°

In order to study the reactivity in electro-
sprayed drops, it will be insightful to per-
form experiments in a mixture of solvents that
can create a bilayer system, such as HyO and
CH3CN in the presence of ions. This system
may reveal the role of interfaces in altering re-
activity.

The next question to address is how the pres-
ence of macromolecules may affect the preferen-
tial release of ions. Synergy of experiments and
computations in exploring the effect of the mix-
ture of ions in the charging of macromolecules
and their ejection may provide insight into the
charging mechanisms of macromolecules. We
suggest LiT to be one of the candidate ions to
use in experiments because its spatial distribu-
tion is clearly different from that of the other
alkali metals and it also shares commonalities
with the hydronium ions.

The use of supervised and unsupervised ma-
chine learning has opened up new possibilities
and interpretations in mass spectrometry imag-
ining where a plethora of data are available. 31786
Similarly, we envision that a database of exper-
imental and computational ion and macroion
distributions in SECL may relate its composi-
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tion to the mass spectrum.

Appendix

In all the simulations present and in previous
research, we have found that the larger a drop
the closer to X = 1 can exist for a longer period
of time. The explanation of this behavior is as
follows: The surface can be expressed as:

p(w) =R+ Z al,mzYZ,mz (w)

1>0,my

(6)

where w = (0, ¢) is the spherical angle, p(w) is
the distance from the centre, and Y}, (w) de-
note the spherical harmonics functions of rank
m and order [. R is the [ = 0 term in the expan-
sion of p(w) and ay,,, are the amplitudes in the
expansion of the surface fluctuations in terms
of spherical harmonics. For certain shapes of
drops, such as bottle-necked shapes or “eight”-
like shapes we should choose the center of the
shape carefully, so as we do not have for a sin-
gle (0, ¢) more than one values of p. Equation 6
can also be written as

Ay m,
R l }/z,ml (w>

pw)=R|1+ > (7)

l>0,ml

If we assume the same mechanism that leads
to drop break-up for the smaller and larger
drops, then a; ,,, is proportional to R. We make
the above statement for the unstable modes,
[ = 2 or in general for the modes that are im-
portant for drop fragmentation. However this
assumption may not be true for all the modes.

In a macroscopic description, the change in
free energy of a drop due to a perturbation from
the spherical shape (but with fixed volume), can

be expressed to lowest order as3¢:38
SF —(2n RZy) ®)
QZ
- (l+2) - ————
Z ( ) {( +2) (47)%eq Ry

I>0Nm|<I

(9)

where ), Ry, and v denote the total charge of
the drop, the unperturbed drop radius, and the

|almz |2



surface tension, respectively, and ¢y is the per-
mittivity of vacuum.
Equation 8 can also be written as

§F = (2nR3y)

l>0/\|ml|§l

(10)

=Q2rR3Y) > M laim,|” (11)
[>0A|m;|<I

where X is the fissility parameter and 7, =
(—D[(l+2)—4X].

The charged drops are metastable states even
if they are much below the Rayleigh limit. We
compare two drops with radii R" and R”. The
rate constant is given by

k(R) ~ exp(—E*/kgT) (12)
We take the rate of fragmentation to be the
same in drops of different size, thus,

B(R) ~ K(R") = thon (R a2 ~ i (R

(13)
If the same mechanism of break-up holds, i.e.
the same fluctuations appear in the barrier top,
then, a;.,, /R is a constant. Then, Eq. 13 for
[ = 2 becomes

nlm(Rl)RIQ ~ nlm<R”)R”2 =

1-X'  (R"\’
(e

(14)
Therefore, the smaller the drop the smaller the
X for fragmentation.
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