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Introduction

Fragmentation of charged nanodroplets has been studied for one and a half cen-
tury since Lord Rayleigh gave a stability condition[1]. In the last decades the
fragmentation process has obtained practical significance because it is basic in
electrospray mass spectrometry (ESMS)[2, 3, 4, 5]. About the mechanism, there
are long standing arguments [6, 7, 8]. There are mainly two suggested fragmenta-
tion mechanisms, the charged residue mechanism (CRM)[9] and ion evaporation
mechanism (IEM)[10]. In the former, ions are generated by successive instabil-
ities as described by the Rayleigh theory, while in the latter, by ion evaporation
treated as a first-order reaction process. Numerical study is quite important be-
cause we can observe the fragmentation event directly while in experiments the
nanometer dimensions of the clusters combined with the nanosecond time scale
prevent the clear observation of the fragmentation mechanism.

Molecular Dynamics Simulations

To model charged droplets in ESMS systems, constant-temperature MD by GRO-
MACS version 3.2.1 [11, 12] is employed. Droplets are modeled by SPC/E
model[13] for water and the force field by Chandrasekhar et al.[14] for Cl−.
Solvent Evaporation: A molecule whose distance from the center of mass be-
comes larger than 10 nm is excluded from the simulation.
Ion Fragmentation: We define an atom to belong to a fragment by the crite-
rion that the atom-atom distance in that fragment is less than 1 nm. The largest
fragment is called the main droplet and the smaller droplets containing ions are
called the daughter droplets.
N and z are the numbers of water molecules and ions (in the main droplet). N∗

is the critical size at the fragmentation event. Radius of the main droplet is esti-
mated by R = (3V/4π)1/3

−Rp,where V is the solvent accessible volume[15] with
the probe of radius Rp = 0.14 nm calculated by the program called “spacefill” in
TINKER[16].
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F 1: A sequence of fragmentation events in a simulation at T = 350
K. The blue line represents the variation of N in the main droplet and the red
line the variation of z also in the main droplet. The marked configurations
(a)-(d) correspond to the snapshots given in Fig. 2.

Single-ion fragmentation is dominant. We find only 6 events of two-ion frag-
mentation out of 133 total fragmentation events. The critical sizes N∗ are hardly
affected by the history of solvent evaporation when the evaporation and fragmen-
tation rate are slow, but are well determined by z and T .

F 2: Snapshots from simulation in Fig. 1. The blue spheres represent
the Cl− and water molecules are drawn by red and white spheres. (a), (b),
(c) and (d) are shown in Fig. 1. In (d) the daughter droplet contains an ion
and 13 water molecules.

(a) The left- and right-top regions of the droplet are the thorns without ion, while
the bottom region is that with an ion.
(b) The thorn with an ion does not disintegrate on this occasion and the ion re-
turns to the main droplet.
(c) There is the thorn with an ion again.
(d) It eventually departs from the main droplet.

We define the critical radius R∗(z) as the minimum radius of the droplet holding
z ions.

Rayleigh Theory

Lord Rayleigh[1] argued the shape instability of a charged droplet and gave the
famous relation for the critical radius as

RR(z) =
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, (1)

where e is the elementary charge, ε0 is the permittivity of vacuum, γ is the sur-
face tension of the solvent. We use γ(T ) for bulk water given by the International
Association for the Properties of Water and Stream[17].
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F 3: The critical radius R∗(z) at T = 350, 370, 400, and 450 K is shown
by pink marks. Red and blue lines correspond to Rayleigh theory (1) and the
simplified IEM (6), respectively. The red region around the Rayleigh theory
denotes uncertainty due to γ.

The agreement of Rayleigh’s theory on R∗ is relatively good. However, we do
not support Rayleigh’s theory for the fragmentation mechanism, because the as-
sumptions in the theory is not valid for the simulations:
• The shape of the droplet are far from the spherical shape,
• The uniform charge distribution on the surface is never attained.

Potential Energy

As shown in Fig. 4, the fragmentation
requires the system to overcome a po-
tential energy barrier. This suggested
that the process is activated and that a
mechanism more along the lines of IEM
is more favorable.

Born Theory

The reversible work to move a clus-
ter with radius Rd containing a solva-
tion ion from the liquid to vacuum (the
Gibbs free energy) is given by

∆◦ =
e2

8πε0Rd
+ 4πγR2

d. (2)

This free energy ∆◦ has the minimum
value ∆G◦S at the Born radius

RB =
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Rd and Nd in the simulations are com-
pared with RB and the hydration num-
bers Nh. The averages of Rd and Nd
are larger than RB and Nh, respectively.
But for both cases, the minimum values
seem to correspond to RB and Nh.
This may be explained by the follow-
ing:
• The cluster of ion with the hydration
shell is the unit in the main droplet.
• Sometimes it starts detaching from
the main droplet as in Fig. 2 (a) and
(c) making a bridge of water molecules.
• The cluster may leave the main
droplet pinching at certain point in the
bridge as in (d).
Therefore, the daughter droplet consists
of the ion with the hydration shell and
some portion of the water molecules in
the bridge structure.
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F 4: Potential energy per
atom around the second fragmen-
tation from z = 10 to 9 for the sim-
ulation in Figs. 1 and 2. The ver-
tical dotted line shows the time of
the fragmentation.
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F 5: Radius of the daughter
droplets, Rd, with a single charge
z = 1. The open circles correspond
to the results for each fragmenta-
tion event, and the cross marks are
the averaged values. The solid line
is the Born radius RB.

T [K] Rd [nm] RB [nm] Nd Nh

350 0.524 0.4168 18 ± 8.3 7.32
370 0.543 0.4253 19 ± 5.5
400 0.569 0.4405 22 ± 7.2 7.34
450 0.632 0.4744 30 ± 8.7 7.26

T 1: Rd, the Born radius RB,
the number of water molecules in
daughter droplet Nd and the hydra-
tion number Nh for Cl−.

Ion Evaporation Mechanism (IEM)

IEM[10] has been extended by taking into account the dielectric medium[18, 8]
and curvature effects[19, 20] as

∆ = ∆◦ −
e2

8πε0R

{

1 + 2F(z − 1)
}

−

8πγR3
d

3R
, (4)

where ∆◦ is given by Eq. (2), the second term is the charge correction and the
third term is the curvature correction. F(z) is a known function coming from the
maximization of electrostatic energy[8].
At the fragmentation for the droplet with z ions, the critical size R∗ is given by
the critical energy ∆∗ as

R∗(z) = Γ
{

F(z − 1) + α
}

, Γ =
4RB

2
x + x2

− 3g∗
, α =

1
2
+

x3

6
, (5)

where x = Rd/RB and g∗ = ∆∗/∆G◦S . The fitting works well, but the physical in-
terpretation is puzzling: α should be larger than 1/2, but the simulations suggest
that α is less than 1/2. This is also observed in the experimental results [19, 21].
Furthermore, the energy ∆ would give Rd with a certain dependency on z, while
the results of Rd show no systematic z-dependence.

Simplified IEM

We take a simpler model without curva-
ture correction

∆ = ∆◦ −
e2

8πε0R

{

1 + 2F(z − 1)
}

. (6)

The results are shown in Fig. 3 with
blue lines. This model gives Rd with-
out z-dependence, therefore, consistent
with the simulations. From the fitting
parameter Γ, we have the activation en-
ergies decreasing as T becomes higher.
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F 6: Activation energies
∆∗/kBT based on the simplified
IEM (6).

Conclusions

By constant-temperature MD simulations, the mechanism of ion fragmentation
of charged aqueous nanodroplets has been examined. The solvent evaporation is
taken into account directly and sequences of fragmentation events are observed.
The critical radius R∗(z) and size of the daughter droplets Rd are estimated di-
rectly.
•Minimum values of Rd and Nd are close to the Born radius RB and the hydration
number Nh of the ion, respectively.
• The critical radius R∗(z) are compared with Rayleigh’s model and both im-
proved and simplified ion evaporation models.
•We have decline the Rayleigh theory because the assumptions in the theory do
not hold for the conditions of the simulations.
• For the improved IEM, it is found that the parameter related to the curvature
correction are unphysical. Experimental data also give the same problematic be-
havior.
• The simplified IEM is introduced by eliminating the curvature correction.
This model gives no z-dependence on Rd, which is consistent with the findings of
simulations.
• The fitting of R∗(z) with the simplified IEM is fairly good. It also gives activa-
tion energies that are positive and decrease with increase in temperature.
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