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The behavior of electrified droplets in an atmospheric environment and the mechanism of ion formation in
electrospray ionization are the subject of continuing debate. Experimental evidence to decide between the
various models of ion formation (e.g., ion evaporation, Coulomb explosion, and charge residue model) is not
readily available and is especially scarce for nanometer-sized droplets. Even the morphology, the structure,
and the dynamics of aqueous nanodroplets containing ionic solutes are poorly understood. Classical molecular
dynamics simulations were used to explore the effect of ions on the shape and structure of these droplets. We
also followed the gas-phase formation of hydronium and glycine homologue ions from the disintegrating
nanodroplets. Droplets up to 6.5 nm in diameter were studied using potentials for the peptides and water that
accounted for their internal degrees of freedom. Validity testing of the model indicated good agreement between
the calculated radial distribution functions for water and corresponding neutron diffraction data. The self-
diffusion coefficients and the enthalpy of evaporation derived from the model also gave good agreement with
the experimental values. Our results showed that the ions were distributed in concentric layers within the
droplet. This is a departure from the expectation that ions inside the droplet follow a monotonic radial
distribution close to the surface because of the Coulomb repulsion and/or hydrophobic forces. Due to the
presence of ions in the droplet, both overall shape deformations and enhanced surface fluctuations were
observed. Charge reduction at the Rayleigh limit proceeded through the formation of transient surface
protrusions. For droplets containing ions, amplitude protrusions higher than in the case of pure water droplets
developed. These protrusions served as the intermediate stage preceding ion ejection. The evaporated ions
detached from the droplet with a solvation shell of approximately 10 water molecules per ion. Our data were
coherent with the solvated ion evaporation model for droplets close to the Rayleigh limit. To the best of our
knowledge, these are the first molecular dynamics calculations on realistic charged nanodroplets to give insight
into their structure and fission dynamics.

Electrified droplets play a significant role in processes in the accuracy and throughput. On the basis of ESI, proteins, nucleic
Earth’s atmosphere. Negligibly charged droplets in clouds are acids, carbohydrates, and synthetic polymers have been mass
thought to contribute to lightning formation, whereas nano- analyzed with unprecedented accuracy. Using ion mobility
droplets charged close to the Rayleigh limit might explain excess spectroscopy, gas phase observations of protein ion conforma-
absorption of solar radiatiohCharged methane droplets in tion and folding patterns have also been made poskiblé.
Titan’s troposphere are thought to influence the climate on this g js a remarkably complex process with several distinct
fascinating moon of SatuftRadioactive radiation enhances the  4tia| regions of spray formation and numerous dramatically
charging of environmental aerosols. Scavenging efficiency of qitarent regimes of operation. The nineties was a decade of
droplets increases by added charge, thereby facilitating f@llout. \o;teq debate over the mechanism of ESI. According to several

Over a century ago, Lord Rayleigh was intrigued by the participants in these discussions, by the year 2000 a consensus
behavior of charged water droplets and ice crystallites in clouds. 55 beginning to emerdé:15 Capillary waves are presumed to
To unravel the mystery, he devoted significant efforts to describe pe 4t the core of the liquid dispersion phenomena. Current
capillary waves on liquid jets and to understanq the behavior yqgillations are commonly observed in electrospfayand
of electrified water drop$.® Throughout the twentieth century, 016t breakup is considered to be initiated by surface instabili-
this line of inquiry continued to attract the attention of prominent ties. Highly asymmetric division of electrified droplets in the

scienti;ts, such as G T"J?Y'O.“ _who, among other findings_, 10—100 um size range has been observed by flash shadowg-
determined that electrified liquid interfaces under certain condi- raphyl7

tions assume a well-defined conical geométry. . o ) ) )
- . ; - One of the prominent descriptions of ion formation in
More recently, additional impetus was provided to studying LR : . S
electrospray ionization is based on continued division of

electrostatic sprays by the discovery of electrospray ionization . . . S .
brays by Y pray supercharged droplets until a single ion remains in the residue

(ESI) as a reliable source of macromolecular fghsvith h id deIn th " del. the i

excellent ion yield® The main motivation for these studies g(.: art?e r.es't lijefmo th nihe Cﬁmpeéné; mcl) te » e lons artgz

stemmed from the need to analyze biomolecules with high directly ejected from the supercharged droplet (ion evaporation
model)!® According to recent analysis, both of these models
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seems to be valid for larger multiply charged speéfes. using PC Spartan version 1.3 (Wavefunction, Irvine, CA). The
Experimental evidence to decide between the ion evaporationCHARMM22 all-atom potential function was used for peptides.
model and the charge residue model is not readily available The glycine and glycine homologues were represented in three
and is especially scarce for nanometer sized droplets. different states: protonated, neutral, and zwitterionic. The
Along with charge, viscosity of the liquid also affects the CHARMM force-field database provided the potential param-
droplet partition?® The division of a viscous droplet into a few eters for the zwitterionic form of the glycine and glycine
parts of comparable size is similar to the phenomenon describedhomologues; however, it did not contain the potential constants
by the charge residue model, whereas the ejection of a largefor the carboxyl group of the protonated forms. Analogies within
number of small daughter droplets may be related to the ion the CHARMM force-field database were used to estimate the
evaporation model. This analogy suggests that these models, apotential parameters for the glycine carboxyl group. The most
least on the nanoscale, describe the two extremes of the samelistinctive feature of the studied systems is the presence of
general process. substantial net charge on the droplets. As Coulomb forces have
Fission occurs because of the instability of capillary oscil- a significantly higher range than the van der Waals forces, we
lations on the surface. At the Rayleigh limit, any perturbation increased the cutoff parameters for the interaction potential to
of the surface induces unstable deformations that may result inan ultimate value comparable to the size of the entire droplet.
droplet breakup. For nanodroplets, thermal surface fluctuations Due to the largely increased number of interaction terms, this
can be sufficient to create these perturbations. had a dramatic impact on computation time. In the CHARMM
The structure of aqueous droplets carrying ionic charge is force field, as in most molecular modeling descriptions, the
believed to be governed by Coulomb repulsion between the ions,interaction potential utilizes an effective polarization for the
resulting in the highest charge density at the surface with particles. It has been shown that a more accurate treatment of
monotonic descent toward the droplet center. This is further the polarizabilities results in the enhancement of surface states
accentuated for hydrophobic ionic species that are also expelledat the liquid-vapor interface®3°
from the interior of the droplet by hydrophobic forces. For  Building Water Droplets. Despite its limited structural
example, a recent modélpostulates that hydrophilic species performance, we used the TIP3P water model because of the
reside closer to the center, whereas the hydrophobic species argeduced computational co¥tResults of our validation simula-
located on the surface. tions showed reasonable agreement with experimental quantities,
Classical molecular dynamics simulations promise a conve- and verified that this model was appropriate to study the
nient way of describing the morphology, structure, and disin- behavior of charged nanodroplets. To build a water droplet, a
tegration of nanodroplets in various charge states. Using coordinate file of a cube containing 125 water molecules was
molecular modeling, we followed the gas-phase formation of used. The coordinates of atoms in this water cube were obtained
hydronium and glycine homologue ions from water nanodrop- by Monte Carlo simulation and the equilibrium was completely
lets. Molecular dynamics calculations were conducted on reached for 300 K and periodic boundary conditions. Larger
numerous realistic nanodroplets to directly observe the prevail- cubes were obtained by parallel translations of this cube along
ing charge reduction mechanism. coordinate axes. After all the water molecules exceeding a
On the basis of our experience with modeling matrix-assisted particular distance measured from the center of the cube were
laser desorption ionization at the molecular lé#éfsimulations ~ removed, spherical droplets of different radii were obtained.
were performed using version 24b2 of the CHARMM molecular Typically, droplets were composed 6f1000 to~5000 water
modeling program’ To simulate different evolution periods and molecules.
droplet formation conditions, a varying number of hydronium  gqjjibration of the System. To generate the initial coor-
and glycine homologue ions were placed inside water droplets ginates and velocities of ions within the droplet, we simulated
of various sizes, keeping the overall charge at the Rayleigh limit {ha ion movement in a restraining spherical potential at high
at the same time. temperature with no solvent present. This ensured that ion
distributions consistent with the dominant Coulomb interactions
Methods were rapidly attained. Then the ions were placed inside a
Molecular Dynamics Simulations.As in other MD simula- preequilibrated water droplet and, in the case of overlap, water
tions of droplets and cluste?&,no boundary conditions were molecules were deleted from the system. Because the positions
necessary because the droplet was placed in a vacuum environof the mOIeCUleS in the Combined SyStem were artifiCial, the
ment. However, a spherical restraining potential was used for Potential energy of the system was minimized and the new
each droplet in the initialization stage. Energy minimization and coordinates for all the atoms were calculated by annealing the
MD simulation with damped dynamics and heating were System. For each droplet size, the total number of diglycine and/
performed to bring the atomic velocities to quasi-equilibrium. ©Or hydronium ions was selected near the Rayleigh limit (for a
The dynamics integration method (Leapfrog Verlet) was based Rayleigh limit calculator see http://home.gwu.edminelu/
on the Verlet scheme, which provided enhanced accuracy. Torayleigh.html). In most cases, this charge density led to at least
reach a total time of up to 300 ps, a typical simulation employed One ion formation event during the firstL00 ps of simulation.
~300 000 steps and the coordinates were saved every 100 steps Model Verification. Figure 1 shows the calculated—@
for further analysis. Calculations were performed on a Sun Ultra radial distribution functiongoo(r), for a water droplet containing
Enterprise 4000 system and on an SGI Origin 2000 computer. 4506 water molecules and compares it with neutron diffraction
The results were analyzed using the gOpenMol visualization data3? The position of the first maximum of the calculatgsb-
package on SGI and PC workstations. Numerous simulations(r) was in acceptable agreement with neutron diffraction data,
were performed on droplets ranging from 1 to 7.5 nm in size. although the calculations indicated slightly stronger correlation
Force Fields.Because CHARMM does not contain a model in this region. The second maximum observed in the experi-
for the hydronium ion, we defined one on the basis of the ments, however, was missing in the calculated data, showing
geometry and energy parameters evaluated by ab initio calcula-that the model did not account for the second self-solvation shell
tions. These calculations were performed at the 6-31G* level in water.
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Figure 1. Calculated (solid line) radial distribution functiogeo(r), (nm)
compared to experimental results and their uncertainty (dotted line, g
from ref 32). 8

The calculated enthalpy of evaporation for water at 300 K
was 41.44 kJ/mol. This was6% lower than the 43.95 kJ/mol
value observed in experiments. Similar relative errors had been
observed for the enthalpy of sublimation of organic crystats.

The reduced evaporation enthalpy of water molecules resulted
in a slightly increased rate of water evaporation in our
calculations.

The experimental value of the self-diffusion coefficient of
pure liquid water under ambient conditions is 2:30.07° cnm?

s 133 A value very close to the experimental one (2:640°

cn? s~1) may be obtained using the TIP5P model at’25and

1 atm. However, for the water model used in CHARMM

(TIP3P), a diffusion constant of & 107> cn¥ s™! had been

reported under standard conditictisVe used the Einstein oL

Smoluchowski equation to calculate the self-diffusion coefficient 0

of water molecules !n a pure Waj[e'r droplet.. The calculated 4.9 Radius, r (nm)

x 10°° cn? s7* self-diffusion coefficient was in good agreement Figure 2. Radial distribution of water molecules and ionic species

with the literature value for TIP3P water. This value showed around the center of the nanodroplet reveal a well-defined structure

that during a 100 ps simulation a water molecule could traverse (solid lines). A gradual drop in the radial distribution of the water

through the entire interior of the largest droplets we investigated. molecules at the surface indicates that the outermost 0.5 nm layer is
diffuse. Although the ions are spread inside the droplet, none is found

Results in the center and only a few of them are close to the surface. (A) The
droplet contains 23 hydronium ions that occupy three spherical layers

Droplet Structure. Rayleigh limit calculations predict that  (dotted line). (B) The droplet contains 21 diglycine ions that aggregate
a water droplet composed #4500 molecules becomes unstable near the center o_f the droplet and 2 hydronium ions that_stay c_Ios_er to
when the overall net charge equals 23 elementary charges. |nthe surface. The insets show the actual arrangement of ions within the

" . - . . droplet.
real droplets, additional ions and their counterions might also
be present, which would introduce a secondary effect on the to equally spaced, forming an onion shell-like structure, coherent
droplet stability problem through the Debye screening of the with the expected tendency of ions to maximize their distance
excess charges. from each other. The calculated pHO.6 of these droplets may

Some of the most intriguing results were obtained when ion seem very low, but in analytical applications of ESI it is
distributions inside the nanodroplets were analyzed. For ex- common practice to strongly acidify the initial solution using,
ample, structural differences were observed between a watere.g., trifluoroacetic acid. Furthermore, solvent evaporation from
droplet with~6 nm initial diameter containing 23 hydronium the original solution continuously lowers the pH.
ions and a similar droplet containing 2 hydronium ions and 21~ When most of the hydronium ions were replaced by (£ly)
diglycine ions. Figure 2 demonstrates several aspects of thesdewer ions were found close to the surface of the droplet (Figure
differences. In both cases, an initial increase in droplet diameter2B). Although diglycine ions are more hydrophobic than
was observed because of the general loosening of the dropletydronium ions, they concentrated more toward the center of
structure. According to conventional wisdom, the excess chargesthe droplet. The hydronium ions preferred the spherical layer
and their hydration shell are expected to be on the surface.between 1 and 2 nm, whereas the diglycine ion distribution
Surprisingly, some of the ions were distributed inside the droplet spanned from 0.5 to 2.5 nm. The probability of finding diglycine
and very few could be found within a solvation radius below ions was highest inside the sphere of radius 2 nm, having two
the surface (Figure 2A). The hydronium ion layers were close maxima for radii of 0.6 and 1.1 nm. In reality, the charge

g(r)
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distributio_n inside the droplet v_vould also be influenced by A 1 surface distribution preferred
external fields that are not considered here. 1.0 —n—a_

The latter simulation might raise important questions. First, 1 /.
is it possible that most of the net charge in the droplet consists  0.5-

of analyte ions? This question will be answered later in light of

the relative evaporation rates of the analyte and hydroniumions. ¢4
Second, how does the electrospray process produce nanodroplefg 3 6 9
with such a high analyte concentration? In electrospray, the 5 1

Number of charges

initial analyte concentration is10-> M, whereas the concentra- g 0.5+

tion of analyte in the above-mentioned simulation is 0.27 M. It 77

is clear from the dynamics simulation (see later) that the < 4,04

evaporation rate of the solvent is significantly higher than the

evaporation rate of the analyte. Therefore, significant concentra- 15

tion of the analyte ions takes place during the evolution of the '

droplet. The actual degree of the concentration process, however, T Central charge preferred
is not known. 2.0~

The charge distribution was intriguing mainly because we
expected to find the charge as close to the surface as possible.
The presence of charges inside the droplet may be easilyg 496 -
explained by considering a simple two-dimensional model in
which charges with zero kinetic energy are placed within a circle
in a vacuum. Two charges would obviously repel each other p—
and try to stay at diametrically opposed positions. New charges
added to the system would be equally spaced and form an_. 4, |
equilateral triangle, a square, etc. These charges form a shell‘%
and the distance between them decreases as more charges aié
added. At some point, adding a charge on the surface wouldg

increase the potential of the system more than adding the sameg AE’:1

charge in the center. Figure 3A shows the potential difference, g 4858

AE, between the two configurations for such systems as a;‘cf

function of the number of charges. The number of charges can \
be increased up to 11 with all of them staying on the surface. .'TTTT-IZ'.'.'.Z'.'.'.'.Z'.ZIZIII'..A.I.EJ! ....................... .

The 12th charge added to the system has a lower potential
energy in the center than on the surface. Additional charges

it ithi i i i i 48. T T T T T T
occupy positions within the circle by displacing the charge in 0.0 02 04 06 08 10
the center and creating a shell-like structure. Relative radius

In .addltlon to thg global ml.nllmum, this problem has some Figure 3. Potential energy differenc&E, between the configuration
solutions representing local minima that may lead to metastable,yith 4] the charges on the surface and the configuration where one of
states. For example, in the case of 11 charges a metastable staifie charges is moved to the center. Adding a charge on circumference
can develop where not all the charges are on the circumferenceof a circle is favored over adding the charge in center of the circle up
Figure 3B presents the change in potential while moving one to 11 total charges. For more than 11 charges, the configuration with
charge from the center (relative radius 0) to the circumference 2 charge in il has 2 lower poﬁential (A). l\/\t/Jhe;&a#charge IS r’]no"ed

. ; o rom center to the circumference, the potential barae?;;, is muc
(relgt_lve radius 1). For each new position of the chargg, t.he larger than the difference in potential of the two extrem®s;; (B).
positions of all the other charges were recalculated to minimize

the potential of the system. It is clear that the potential barrier size, and/or increased temperature can blur the shell structure
(AE11") is much higher than the difference in potential between jnto a more conventional monotonic distribution. We can use a
the two extreme cases\Eii). As a result, a charge might  similar argument to explain the shell-like structure of charges
become trapped within the circle even though the potential of \ye gbserve in the simulations.
the system is slightly larger than for the case when all the  The orientation of the diglycine ions could be affected by
charges are on the circumference. When additional charges areyg factors. For a minimum potential energy, the charges on
present, two or more charges may get confined by the potentialthe amino-termini should stay as far from one another as possible
barrier of the charges on the circumference. When water is and, conventionally, they should be on or close to the surface
introduced instead of the vacuum environment, the interaction of the droplet. The middle part of the ion is less hydrophilic
between the charges is reduced and more charges may be place@ian the amino and the carboxyl termini, so it should also be
on the circumference. However, further increasing the number cjose to the surface. Radial distribution functions calculated for
of charges results in energetically favored positions inside the the two ends of the diglycine ions did not show a preferred
circle. orientation of these ions inside the droplet.

For both the global minimum and for the metastable cases, Dynamics of Charge Reduction. Visualization of the
the charges inside the circle will assume symmetric configura- simulations showed that at the molecular scale, the surface of
tions around the center. For example, three charges would forma charged nanodroplet was neither spherical nor smooth. Instead,
a triangle, which could be seen as a new layer of charges insideit exhibited large-scale deformations as well as protrusions and
the outer layer. All the above considerations may be generalizeddepressions fluctuating in time. Figure 4A presents in spherical
to the three-dimensional idealized case of no thermal motion. coordinates the surface mapa6 nmpure water droplet after
Clearly, a significant degree of Debye-screening, large droplet a 30 ps simulation of its evolution. A map for a second droplet,
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Figure 4. Snapshots of the surface of 6 nm droplets in spherical coordinates showing the formation of deformations as well as protrusions and
depressions. The presence of ions inside the nanodroplet induces surface fluctuations of higher amplitude (B) than the thermal fluctuagidns produc
in a pure water droplet (A). Panel C is an equatorial sectional view of a charged droplet indicating the overall deformations and the local protrusions

Linear combination of Legendre polynomiajs, aP(cos6), are used to fit the contoua{ = 2.92 nm,a, = —0.147 nm,as = —0.228 nm,aip =

—0.239 nm). The spherical core of the droplet is represented by the first agPm,Lower order termsa,P, andasPs describe the deformations,
whereas the protrusions are reflected in the high order targRi0. Panel D depicts the distribution of radial distance of water molecules on the
surface from the center of droplet. The tailing in both directions in the presence of ions indicates their role in destabilizing the droplet mmorpholog
Extreme amplitude protrusions (see inset) may result in the detachment of solvated ions.

similar in size, but containing 23 hydronium ions is shown in
Figure 4B. Clearly, significantly higher amplitude fluctuations

developed when ions were present in the droplet. The visualiza-

tion of a 3 psevolution of the charged droplet surface is
available as Supporting Information.

Y(0.9=0) = /2,2 (c0s0)

In Figure 4C, for a particular time frame a linear combination
of Legendre polynomialsy, aPi(cos #), are used to describe

Figure 4C shows an equatorial sectional view of the charged the droplet morphology. The most significant of the firstal0

nanodroplet with only the surface molecules represented. In thisamplitudesa; =

2.92 nm,a, = —0.147 nm,as = —0.228 nm,

plane, the radial position of surface molecules due to capillary anda;o= —0.239 nm, are determined using multiple regression.

waves,r, can be expanded in spherical harmonics:

=51 Y (0.9=0) cost + )

wherer?9 is the amplitude of théth component ane, ande

are the circular frequency and the phase of lte wave,
respectively. Théth normalized spherical harmonic is expressed
by Legendre polynomials:

The first term,a;P1, describes the remaining spherical character
of the droplet. As is clear from the presence of the other low
order termsayP, andasPs in the Legendre expansion, consider-
able departure from the spherical shape is observed. These large-
scale deformations can become dominant for significantly
supercharged droplets and lead to partitioning of the charge on
comparable sized fission products. However, large amplitude
fluctuations of small area protrusions, described, for example,
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by the higher order terra;oP10 in the Legendre expansion, are  (Figure 5B). Finally, when the repulsion between the rest of
instrumental in charge reduction at the Rayleigh limit. These the droplet and the separated ion exceeded the cohesive forces
protrusions, as shown later, are instrumental in charge reductionwithin the protrusion, the solvated ion detached (Figure 5C).
through the ejection of solvated ions. To visualize this mechanism, partsB of Figure 5 show the

To assess the statistical weight of these extreme protrusionsdistribution of the ions inside the droplet. A similar animation
Figure 4D compares the radial positions of molecules on the showing the evaporation of a diglycine ion is available as
surface of the two droplets. The distance of surface molecules Supporting Information. Extreme protrusions play a similar role
from the center extended over a larger interval of radii in the in this mechanism to “fingers” found at liquid interfaces.
case of the droplet containing ions than in the case of pure water.Modeling studies indicate that ion transport from water to the
For the water droplet, the amplitude of thermal fluctuations can organic phase proceeds through water “fingers” that extend into

be expressed as the organic phas#.
During a~130 ps simulation oa 6 nmdroplet containing
OAr = 2\/6'2 0.48 nm 23 hydronium ions, three hydronium ions evaporated. During
) a similar period, the same number of hydronium ions evaporated

from a similar nanodroplet containing 21 hydronium ions and

where the surface tension of water at 300 Kiss 0.07 N/m. 2 diglycine ions, but no ion evaporated from a nanodroplet
The fwhm of a Gaussian fit to the blue curve in Figure 4D containing 2 hydronium ions and 21 diglycine ions.
provides 0.41 nm, a remarkable agreement. Thus, the surface These observations suggest that a significant factor in the
irregularities on a pure water droplet can be fully ascribed to evaporation process is the mobility and/or size of the ions in
thermal fluctuations. Therefore, the formation of deeper holes the system. In fact, the mobility of the hydronium ion is even
and especially larger amplitude protrusions on the droplet surfacehigher than represented in the calculations due to proton
(red curve in Figure 4D) can be attributed to the presence of tunneling. As a result, the departure of hydronium ions is
ions. expected to be more frequent than predicted by our calculations.

On the basis of the theoretical description of capillary waves  The present model did not account for the change in peptide
on the surface of charged droplets, irregular droplet shapes andprotonation equilibrium due to pH changeTwo processes

shape fluctuations are expect8e nonlinear analysis of surface  nfluence the pH of the droplets in opposite direction. The pH
fluctuations reveals that the characteristic time of the spheroidal of the droplet increases as the hydronium ions evaporate,

buildup for a droplet is inducing an equilibrium shift toward the deprotonation of the
peptide. At the same time, solvent evaporation decreases the

o vp R pH of the droplet, which facilitates the opposite process.
To= T2 Competition between these processes is likely to have a

2Ary  34yA Ar? P : _pro y
profound effect on ion formation in electrospray.
where afT = 300 K for liquid water the densityy = 996 kg/ Because no diglycine ion evaporation occurred during the
m3, andv = 0.85 x 10-6 m?/s is the kinematic viscosit§ For simulation time from a relatively large droplet even for large

anR=~ 3 nm water droplet at the Rayleigh limit is predicted analyte concentrations, we expected that the peptide ion Woyld
to be ~100 ps, a value that is within the scope of our evaporat_e only_ af_ter the droplgt beqame smaller_ due to its
calculations. A slight spheroidal buildup is clearly observed in €vaporative shrinking. The MD simulation ofa nm diameter
the case of the charged droplets, as evidenced by the amplitudéiroplet (Rayleigh limit= 13 charges) containing 11 hydronium
of low order Legendre polynomials that describe their shape. ©ons and 2 diglycine ions indicated the evaporation of 4
To follow the prevailing charge reduction mechanism in ESI, nydronium ions during the first 300 ps. From a similar droplet
we simulated the dynamics of nanodroplets containing different ontaining 2 hydronium ions and 11 diglycine ions, a diglycine
number of ions. If we used a number of ions much lower than 10N and both hydronium ions evaporated with#160 ps.
the Rayleigh limit, no ion evaporation from the nanodropletwas ~ The data presented here support the solvated ion evaporation
observed during the simulation time. Generally, ion evaporation model for the studied systems. For mixtures, the mobility/size
was observed for a charge density slightly lower than or equal Of the ion seems to be more important in determining the ion
to the Rayleigh limit, although in some simulations no ion evaporation rate than its hydrophobicity. Even~at0 times
evaporation took place during the simulation time even for lower concentrations, the hydronium ion evaporates faster from
charge densities equal to the Rayleigh limit. Coulomb explosion small-size droplets than the diglycine ion. Of course, for ions
took place if the charge density of the droplet was significantly With comparable mobilities, hydrophobicity remains an impor-
higher than the Rayleigh limit: a violent breakup of the droplet tant factor.
was observed for nanodroplets containing a high number of  Several promising follow-up studies are envisioned; some of
singly charged ions or a smaller number of multiply charged them are already underway. The presented simulations can be
ions. These results (to be presented in a separate publicationyeadily extended to the investigation of charged nanojets.
indicated that the charge residue model was feasible for Elongated droplets have been observed as the product of
supercharged droplets, whereas the solvated ion evaporatiorCoulomb fission. These objects can be viewed as stretched out
model was more adequate for droplets close to the Rayleighspheroids prone to further division. The analysis of nanojet
limit. deformations would be instructive regarding the presence of
For example, in the case of critically charged droplets at 300 correlations between the different generations in a division
K thermally induced protrusions were observed on the surface. cascade. Furthermore, the interaction of individual droplets, a
In turn, these protrusions facilitated the departure of ions. First, potentially important process in dense ESI plumes, can also be
the ions induced the enlargement of these protrusions on thestudied. Polarization of droplets by each other can lead to
droplet surface (Figure 5A). Next, some ions were pushed by deformations and induce fission below the Rayleigh limit. The
electrostatic repulsion from the droplet along or into the introduction of counterions and/or macromolecular ions of
protrusion toward lower potential points leading to ion separation different hydrophobicity is another promising line of inquiry
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Figure 5. Detachment of a water cluster containing a single hydronium ion from a critically charged nanodroplet composed of 4300 water molecules
(blue), 21 hydronium ions (red) and 2 diglycine ions (green). Snapshots were taken before (33 ps, A and D), at the formation (43 ps, B and E), and
after the detachment (46 ps, C and F) of an extreme amplitude protrusion containing an ion. lon distributions inside droplet are shown in panels

D—F.

as the segregation of various ions in a charged droplet has

important implications for ion generation in mass spectrometry
as well as for atmospheric processes.
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