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Molecular dynamics of electrosprayed
water nanodroplets containing sodium
bis(2-ethylhexyl)sulfosuccinate
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Leopoldo Ceraulod,e and Vincenzo Turco Liverid*
The behavior of aqueous solutions of sodium bis(2-ethylhexyl)sulfosuccinate (AOTNa) subject to electrospray ionization (ESI)
has been investigated by molecular dynamics (MD) simulations at three temperatures (350, 500 and 800 K). We consider

several types of water nanodroplets containing AOTNa molecules and composed of a fixed number of water molecules
(1000), N0

AOT AOT� anions (N0
AOT=0, 5, 10) and N0

Na sodium ions (N0
Na=0, 5, 10, 15, 20): in a short time scale (less than 1 ns),

the AOTNa molecules, initially forming direct micelles in the interior of the water nanodroplets, are observed in all cases
to diffuse nearby the nanodroplet surface, so that the hydrophilic heads and sodium ions become surrounded by water
molecules, whereas the alkyl chains lay at the droplet surface. Meanwhile, evaporation of water molecules and of solvated
sodium ions occurs, leading to a decrease of the droplet size and charge. At 350 K, no ejection of neutral or charged surfactant
molecules is observed, whereas at 500 K, some fragmentation occurs, and at 800 K, this event becomes more frequent. The
interplay of all these processes, which depend on the values of temperature, N0

AOT and N0
Na eventually leads to anhydrous

charged surfactant aggregates with prevalence of monocharged ones, in agreement with experimental results of ESI mass
spectrometry. The quantitative analysis of theMD trajectories allows to evidencemolecular details potentially useful in designing
future ESI experimental conditions. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

Electrospray ionization (ESI) is a soft technique widely employed
in mass spectrometry allowing to generate multiply charged
high-molecular weight molecular and/or supramolecular species
with minimal chemical decomposition of the molecules under
study. In typical ESI-MS experiments, highly charged micrometer-
sized droplets are ejected from the tip of the Taylor cone in the
surrounding gas phase and are driven by the external electric field
towards the counter-electrode.[1–4]

During this flight, some out-of-equilibrium processes take place.
In particular, the droplet may undergo collisions with surrounding
gas molecules and other droplets, and thus evaporation of neutral
volatile components (generally, solvent molecules) and/or Rayleigh
instability may occur, leading to the emission of charged
nanodroplets and ejection of solvated ions.[5–7]

These interconnected phenomena are accompanied by
changes in the droplet size and charge state as well as in the
radial distribution of ionic species within the droplet. It is gener-
ally believed that while solvent evaporation and ion spatial
rearrangement begin when the droplet is formed, ejection of
solvated ions takes place when the charge density reaches a
critical value.[8] Solvent molecules and solvated ions are preferen-
tially released from the tips of transient protrusions originated
by local instabilities of the droplet surface.[9] Thus, the species
observed by mass spectrometry are produced through evapo-
ration of volatile components and ejection of charged
ions. These processes are strongly impacted by experimental
J. Mass Spectrom. 2013, 48, 478–486
conditions (i.e. nature and composition of the electrosprayed
solution, temperature of the tip and surrounding gas phase and
external electric field).

Even though each one of these processes is amenable to a
qualitative description, an overall picture is hard to come
about, especially at the quantitative level. Together with
experimental findings for droplets in the micrometer-size
regime,[10] a great deal of detailed and sometimes unex-
pected information on such processes has been gained by
molecular dynamics (MD) simulations especially for nano-sized
droplets.[9,11,12]
Copyright © 2013 John Wiley & Sons, Ltd.



Figure 1. Left: structure (and atom labelling) of the AOT� anion in the con-
formational minimum obtained by previous ab-initio calculations.[23] Right:
snapshot of the [10,20] system (aggregate of 10 AOT�, 20 Na+ ions and
1000 water molecules) after simulation under periodic boundary at 300 K:
sodium ions (blue) and SO3

� polar heads (red oxygen atoms and yellow sul-
fur atoms) are displayed in a space-filling mode to evidence their location.
This figure is available in colour online at wileyonlinelibrary.com/journal/jms
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The most striking results of these studies for aqueous
nanodroplets containing simple ionic species are:

(i) ions in excess are not located at the droplet surface as
expected in terms of continuum electrostatic theory, but
are found in a thick shell below the surface leading to
complete ion solvation. This peculiar ion distribution involves
some ordering of solvent molecules at the droplet surface.[11]

(ii) Shrinkage of nanodroplets, due to water evaporation,
occurs through the formation of thorns originated by
shape fluctuations.[9,13]

(iii) Ejection of each one of the solvated ion through a newly
formed water thorn occurs when a critical value of the
charge density is reached. It has been observed that the
frequency of occurrence of local instabilities preceding thorn
formation increases with the number of extra charges.[9,13]

(iv) Solvent evaporation and solvated ion ejection from aqueous
nanodroplets are less pronounced than from methanol and
water/methanol ones. Incidentally, in the case of solvent mix-
tures, the occurrence of partial solvent de-mixing is observed.[9,13]

Of course, it can be expected that some peculiar departures
from the above description may occur when the electrosprayed
aqueous solutions contain surfactant molecules. Indeed, above
the critical micellar concentration (CMC), surfactant molecules in
water associate leading to the formation of direct micelles, which
are globular aggregates characterized by an internal core formed
by the surfactant alkyl chains and a surrounding layer constituted
by its hydrated head groups. Besides, at the water/air interface, a
monolayer is formed by surfactant molecules oriented so that the
polar head groups are immersed in the liquid phase while the
alkyl chains protrude toward the gas phase.

The formation of oriented monolayers of surfactant molecules
at the surface of water droplets is of utmost importance, since it
determines a marked decrease of the droplet surface tension
as well as changes of the evaporation rates and net charge
spatial distribution.[14]

In particular, taking into account the Rayleigh equation,[15]

which enables one to determine the maximum charge (Qmax)
sustainable by a droplet of radius R

Qmax ¼ 8p e0gR3
� �1=2

(1)

(where e0 is the permittivity of vacuum, and g is the surface tension
of the solvent), we can evaluate the ratio Qmax,S/Qmax,W between
the maximum charge in the presence of a surfactant layer (Qmax,S)
and that in pure water (Qmax,W). Qmax,S/Qmax,W= 0.7 is obtained by
considering gW=72.8 mNm�1 for pure water at room temperature
and gS = 40mNm�1 for a typical surfactant solution above the CMC,
indicating that the maximum charge which can be carried by a
surfactant-covered water droplet is 30% lower than that for bare
water droplet.[16]

Moreover, recent MD simulations have shown that a nanodroplet
consisting of water molecules surrounding a direct micelle formed
by cetyl trimethylammonium bromide molecules reverts to a
water-containing reverse micelle in about 1–3 ns.[17,18] This time
scale is much smaller than the residence time of aggregates within
the mass spectrometer, which is of the order of ms.

In view of the recent interest for charged surfactant aggregates
in the gas phase[19–24] and in order to gain a more quantitative
knowledge of the behavior of aqueous surfactant solutions under
ESI conditions, we decided to carry out MD simulations of water
nanodroplets containing the surfactant sodium bis(2-ethylhexyl)
J. Mass Spectrom. 2013, 48, 478–486 Copyright © 2013 John W
sulfosuccinate (AOTNa). AOTNa is a well-known di-chained
surfactant (see Fig. 1) able to form direct micelles in water above
its CMC, which is in the range 2.5–6 10�3M.[25] Water has been
chosen as solvent because, due to the significant reduction of
the surface tension induced by the surfactant, it works very well
during ESI.[26] Moreover, the data analysis is simpler than for
the case of solvent mixtures, since one does not need to take into
account phenomena as different evaporation rates for each
solvent, different distributions of solvent molecules, preferential
solvation of surfactant head groups and counterions.

Since a countercurrent sheath gas at atmospheric pressure is
generally used allowing to adjust nanodroplet temperature over a
wide range (350–800 K),[2,4,27,28] we studied the time evolution of
water nanodroplets containing AOTNa by carrying out simulations
at three temperatures spanning the entire range (350, 500, 800 K). It
is worth to note that the range of simulation temperatures has
been chosen not only to deal with temperatures used in standard
experiments, but also to explore the expected system behavior
even in less usual conditions. The investigated systems consist of
nanodroplets including a fixed number of water and variable
numbers of AOT� and of Na+ ions. Preliminarily, simulations were
performed to test the behavior of the nanodroplet under an external
electric field of 5kV/cm, typical of electrospray experiments.[1] No
significant change on the structural and dynamic properties of
nanodroplets was observed from zero electric field condition; thus
all simulations were performed by turning off the external electric
field. Indeed, significant droplet deformations have been observed
above a critical electric field of the order of 5000 kV/cm, i.e. three
order of magnitude larger than that typically employed for ESI.[5,7]

Moreover, replicas of the same simulation show some statistical
variability but the key features are retained.

Computational Methods

The AOT�R-R-R diastereoisomer, whose structure and atom
labelling are reported in Fig. 1 for ease of description, wasmodelled
according to the all-atom General Amber Force Field[29] as
previously described,[23] where satisfactory performance had been
obtained. In particular, charges had been determined using
the RESP protocol[30] to comply with the AMBER force field,
following quantummechanical geometry optimization ofmolecular
conformations at the RHF/6-31G* level.[23]
iley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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The simulated systemswere built using the LeAPmodule of Amber
Tools 1.4.[31] They consist of N0

AOT AOT� anions (N0
AOT=0, 5, 10),

N0
Na Na+ ions (N0

Na=0, 5, 10, 15, 20) immersed into a truncated
octahedral box of 1000 TIP3P waters.[32] Each system was initially
simulated under periodic boundary conditions (PBC) for 1 ns at
300 K and 1 bar using the SANDER module of the AMBER 10
package.[31,33] The use of PBC implies that an extended surfactant-
containing aqueous phase is simulated. During this simulation stage,
a 9-Å cut-off value and particle mesh Ewald were adopted for the
non-bonded interactions. SHAKE[34] kept bonds involving hydrogen
atoms constrained. After this stage, each system is treated like a
nanodroplet. Indeed, the final configurations obtained under PBC
were assumed as the initial configurations of the vacuum simula-
tions carried out using the NAMD 2.7 program[35] with the AMBER
force field option. Constant temperature was enforced using
Langevin dynamics with a damping coefficient of 1 ps�1. No cutoff
was applied for non-bonded interactions (more precisely, a 999-Å
cutoff was used), and 2 fs time step was used. Vacuum simulations
at constant temperature have been chosen as a computationally
affordable way to realistically approximate the nanodroplet behavior
under ESI conditions.[18]

The statistical analysis of the trajectories was mainly based on
the PTRAJ module of the Amber Tools 1.4 package. Graphical anal-
ysis was performed using VMD.[36] Molecular volumes have been
evaluated by the Mol_Volume program developed by A. Balaeff.[37]

Some analysis was preceded by a search of aggregates performed
by a home-made procedure exploiting graph theoretical tools. In
particular, the graph considers one vertex for each ion (ion vertex),
one vertex for each oxygen atom of the water molecules (water
vertex) and one vertex for each AOT� polar head (AOT vertex).
Furthermore, one edge is included between each pair of vertices
according to a matrix of parameters describing the interactions
among water, sodium ions and AOT� anions. Then, a search for
connected components in this graph, representing aggregates
in the MD simulation snapshot, is carried out using a breadth-
first-search (bfs) algorithm.[38] The software parsing the snapshots,
implementing the bfs algorithm and reporting statistics on the
aggregates, has been coded in C++, awk and shell script.
Results and discussion

The systems on which MD simulations were carried out consist of
aqueous nanodroplets with 1000 water molecules, N0

AOT AOT�

anions and N0
Na sodium ions and will be indicated hereafter as

[N0
AOT, N

0
Na]. Their behavior has been investigated at three tempera-

tures (350, 500, 800 K). As described in the previous section, the
starting configuration was obtained by randomly placing the
surfactant molecules within a box of water to perform preliminary
liquid phase simulations under PBC at 300 K. As expected, at the
end of this preparation step, the surfactant molecules aggregated
as direct micelle surrounded by sodium ions and water molecules
according to their typical self-assembling pattern in highly polar
media. This is exemplified by Fig. 1 where we report a typical
configuration obtained by this procedure for the [10,20] system.
The configurations prepared in this way are then used to initiate
the corresponding vacuum simulations.
Placing the nanodroplets in vacuo, some out-of-equilibrium

processes take place, under the strong influence of temperature
and nanodroplet composition. We first concentrate our discussion
on the case [10,20] which has revealed as the most instructive
one. Typical snapshots of aqueous-AOTNa nanodroplets at selected
wileyonlinelibrary.com/journal/jms Copyright © 2013 Jo
successive times are shown in Fig. 2where only ions andmolecules
still present in the nanodroplet are displayed. The system evolution
at the three temperature values is markedly different.

Looking at Fig. 2A, B and C, some preliminary qualitative
observations can be made. The first frame of each row, taken
immediately after equilibration, shows that the nanodroplet
contains a direct micelle surrounded by water: the aliphatic
chains constitute the core of the aggregate which has a spherical
shape, the surfactant heads SO3

� point outward, the Na+ ions are
dispersed throughout the external water layer. It can be noted
that, while at 350 K, the nanodroplets retain a large fraction of
the water molecules present initially for comparatively a long
time; at 500 K and 800 K, they rapidly lose water inducing the
formation of completely or practically anhydrous aggregates.

Moreover, the first Na+ ion is ejected at ca. t = 0.3 ns, for T=350 K,
and at t = 0.03 ns for T = 500 K, while the aggregates still show
a direct-micelle structure and many water molecules are present.
During subsequent times, the droplets keep losing water
molecules and Na+ ions, thus progressively lowering their net
charge, while AOTNa molecules change their aggregation
structure. On the contrary, at 800 K, immediate ejection of Na+

ions and water molecules occurs at the very beginning of
the simulation (at 0.01 ns the first Na+ ion has already left the
droplet). It can also be noted that Na+ ions exit the droplet being
surrounded by a crown of water molecules.

At T = 350 K, the inversion of the micelle-like structure occurs
while water is still present in the nanodroplet in large amounts:
the surfactant anions and their counterions keep close to each
other, and this takes place through clustering of the hydrophobic
tails in a region close to the droplet surface, while many Na+ ions
are dissolved in the bulk water of the droplet itself. At about
t = 0.5 ns, aliphatic tails definitely point outward the droplet. This
situation persists for the rest of the simulation, notwithstanding
intermittent perturbations caused by ejection of water molecules
and sodium ions.

At T = 500 K, a different behavior is observed: the system loses
water molecules quite rapidly, and this strong ejection hampers
self-organization of surfactant molecules to some extent: not only
aggregation is made difficult by high temperature, but the whole
system itself appears to start to break apart (see snapshot at
t = 0.34 ns), but later surfactant molecules reaggregate at a time
comparable to that of the T = 350 K case. Indeed, at about
t = 0.5 ns, the aliphatic tails point outward, some water is still
present and one may speak of reverse micelle-like aggregate.
Residual water is eliminated subsequently, without breaking the
surfactant cluster; at t = 0.67 ns, one can observe the last Na+ ion
ejection. Thus, higher temperature causes faster ejection
of water molecules and Na+ ions, but this does not speed up
significantly the micelle rearrangement.

At T= 800 K, the system changes are very rapid, and the droplet
blows up: in the absence of enough water molecules, surfactant
molecule aggregates cannot organize the hydrophobic tails
(see for example t = 0.05 ns) and thus cannot give rise to a unique
core of charged species, but instead give rise to multiple little
and quite anhydrous surfactant aggregates (see t = 0.1 ns and
subsequent times).

As stated before, even at 350 K, 1 ns time is enough to allow
surfactant molecules to reshuffle within the aggregate, so that
the hydrophilic heads and sodium ions get surrounded by water
molecules whereas the alkyl chains lay at the droplet surface.
Moreover, water evaporation occurs through alignment of water
molecules in segments protruding outwards, whereas sodium
hn Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 478–486



Figure 2. Snapshots of the [10,20] system at 350 K (A), 500 K (B), 800 K (C) at selected simulation times (ns). Sodium ions (blue) and sulfur atoms of
SO3

� polar heads (yellow) are displayed in a space-filling mode to evidence their location. Label ‘eq’ refers to the system conformation obtained after
equilibration at 300 K and a very short simulation (0.5 ps) at the chosen temperature. To make figures more readable, only molecules and ions in the
residual nanodroplet are displayed. This figure is available in colour online at wileyonlinelibrary.com/journal/jms
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ions are ejected individually, being surrounded by a shell of
solvent molecules. All these out-of-equilibrium processes change
the initial spherical contour of the droplet causing time-dependent
protrusions and depressions of its surface and imparting an
elongated shape.

With the necessary caution, due to significant deviation from
spherical shape of the systems during the simulation, in Fig. 3,
one may consider the radial number density of some relevant
atomic species: oxygen atoms of water, sodium ions, sulfur atoms
of the AOT head groups and one of the terminal carbon (C9)
atoms of AOT tail. In all cases, the general picture suggested by
these data is that the AOTNa molecules progressively self-
rearrange as reverse micelle-like aggregates. A more detailed
analysis of the panels of the figure shows that:

(1) Water oxygen atoms are initially located in the outer region
of the nanodroplet according to a wide distribution centered
at ca. 20 Å. After 1 ns, at T = 350 K, they aremostly distributed at
1–10 Å from the center of the aggregate. The same behavior is
evident at 500 K, where the shrinkage of the droplet due to
water expulsion is more evident. The water oxygen density
vanishes at 800 K since at 1 ns, practically all water molecules
have left the initial droplet.

(2) The Na+ ions are subject to a different but related fate: at 350
K, they preferentially cluster in locations characterized by one
or two distances from the aggregate center, after moving
from the various positions they occupy initially within the
nanodroplet. This is more evident at 500 K, due to higher
aggregation of the AOTNa molecules, and even more striking
at 800 K. For the latter case, where at 1 ns the fragmentation
has already occurred, we consider the atom/ions distribution
J. Mass Spectrom. 2013, 48, 478–486 Copyright © 2013 John W
within the most populated AOTNa aggregate. (The number
density reflects the fact that Na+ ions left in the drop are
found mostly in the wells formed by reverse micelle-type
aggregates, the latter being quite small for T = 800 K).

(3) The S atoms behave similarly as the Na+ ions: at T = 350 K,
due to the presence of water, they are still removed from
the center of the drop, at T = 500 K and T= 800 K, instead,
their distribution shows two well-defined distances near the
center. This reflects the fact that at these temperature values,
water molecules have mostly (500 K) or completely (800 K)
diffused away favoring the formation of reverse micelle-like
structures: the more anhydrous is the aggregate, the more
solid-like is the core.

(4) The C9 atoms are initially located close to the droplet center
since aliphatic tails are all entangled in a direct-micelle
like aggregate. At t = 1 ns instead and for all T values, they
fluctuate far from the initial positions and are found between
10 and 20 Å from the center. For T = 800 K, these distances at
t = 1 ns are shorter since these data only refer to the largest
AOTNa fragment.

Further information on the [10,20] system can be gained from
Fig. 4, where we illustrate the time dependence of the number of
water molecules (NW), surfactant anions (NAOT) and sodium ions
(NNa) belonging to the residual aggregate(s).

We observe that NW decreases linearly with time at 350 K
indicating that a simulation time longer than 50 ns would be
required to obtain anhydrous surfactant aggregates. Instead, at
500 K and 800 K, NW decreases roughly exponentially giving
rise to anhydrous aggregates within about 1 ns and 0.3 ns,
respectively (see below).
iley & Sons, Ltd. wileyonlinelibrary.com/journal/jms



Figure 3. Snapshots of the [10,20] systems at 350K (A), 500K (B), 800K (C), and radial number density of water oxygen atoms (O), sodium ions (Na) and
sulfur atoms (S) and terminal carbons (C9) of AOT: comparison between the situation at 1 ns and just after equilibration (see caption to Figure 2). In the
snapshots, sodium ions (blue) and sulfur atoms of SO3

� polar heads (yellow) are displayed in a space-filling mode to evidence their location. This figure is
available in colour online at wileyonlinelibrary.com/journal/jms
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Ejection of sodium ions begins with some delay with respect to
water evaporation, and there are time intervals when no sodium
ion is ejected from the nanodroplet (see also Fig. 2). This behavior
suggests that sodium ions are bound to the droplet, and their
emission takes place when the charge density reaches some
wileyonlinelibrary.com/journal/jms Copyright © 2013 Jo
critical value. For this reason, we also evaluated the volume charge
density (i.e. the ratio between the net charge and the volume of the
residual droplet in e/Å3 units) versus time. We have computed the
ratio of the sum of charges to the sum of volumes of all fragments
generated by fragmentation and containing at least one AOTNa
hn Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 478–486



Figure 4. Time evolution ofNW (left scale, black line), NAOT (right scale, blue
line) and NNa (right scale, red line) of the [10,20] system at 350 K (A), 500 K (B)
and 800 K (C). On the right side of each panel, the final composition of the
surfactant aggregate(s) is shown. This figure is available in colour online at
wileyonlinelibrary.com/journal/jms

Figure 5. Time evolution of charge density (left scale, black line) and NNa
(right scale, red line) of the [10,20] system at 350 K (A), 500 K (B) and 800 K
(C). This figure is available in colour online at wileyonlinelibrary.com/journal/jms

Figure 6. Time evolution of charge density (left scale, black line) andNNa (right
scale, red line) of the [0,10] system (A) and the [10,20] system (B) at 350 K. Green
trace, charge density calculated from Rayleigh Eqn (1), as explained in the text.
This figure is available in colour online at wileyonlinelibrary.com/journal/jms
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molecule. We report in Fig. 5 the time evolution of such charge
density values for the [10,20] system at the three temperatures
considered. Since the total nanodroplet(s) volume decreases with
time caused by water loss, charge density increases until a critical
value of about 4–6 � 10�4 e/Å3 is reached, leading to ejection of a
sodium ion. Indeed a slight, yet steady increase of the charge
density to a plateau value is noted in panels B and C of Fig. 5. Some
spikes in the charge densities are noticed in correspondence of the
discontinuities of the number of Na atoms, at the instant they are
ejected, causing at the same time a sudden change of aggregate
charge state. During Na+ ejection, the resulting decrease of the
charge density of the residual nanodroplet implies that further
water molecules are lost to induce further sodium expulsion. It is
worth noting that a significantly higher charge density value is
reached at 800 K due to aggregate fragmentation and involving a
higher capacity to store net charges in separate AOTNa clusters.

It is also instructive to compare these trends with the ones
predicted by the Rayleigh Eqn (1) assuming a nearly spherical
shape for the droplets and deriving the needed R versus time
from the volume analysis of MD trajectories. The charge density,
reported in Fig. 6B as green lines for the 350 K case, is then
J. Mass Spectrom. 2013, 48, 478–486 Copyright © 2013 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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evaluated by assuming the g value of water at 350 K. For this
reason, the agreement is better for the pure water [0,10] case,
as illustrated by Fig. 6A. Taking into account that the Rayleigh
equation is obtained considering macroscopic droplets with
a continuous charge smeared on the droplet surface, the
semi-quantitative agreement of simulation data with Rayleigh
equation for nanoscopic water droplets is surprisingly good,
suggesting its validity also for nano-sized droplets.
In order to evidence the fragmentation characteristics of the

AOTNa aggregates occurring at T = 800 K, we report in Fig. 7
the numbers NAOT and NNa as functions of time for all individual
clusters. Of course, the threshold used to establish fragmentation
is crucial: in Fig. 2C, for example three clusters can be distinguished
Figure 7. Time evolution of the fragments composition of the [10,20]
system at 800 K: NAOT (blue line) and NNa (red line). This figure is available
in colour online at wileyonlinelibrary.com/journal/jms

Table 1. Relevant parameters constructed from the simulations of the [N
simulation (i.e. 50 ns at 350 K; 3 ns at 500 and 800 K), with residual number
500 (water molecules’ half-life); fraction of water molecules fW

* and corresp
Na+ is ejected

System T (K) Aggregate/(s) composition

[10,20] 350 [10,12] (76)

500 [10,12] (4)

800 [4,5],[4,5], [2,3]

[10,15] 350 [10,13] (110)

500 [10,12] (5)

800 [5,6], [2,3] (1),[2,3], [1,2] (2)

[10,10] 350 [10,10] (144)

500 [10,10]

800 [8,8], [2,2]

[5,15] 350 [5,7] (53)

500 [4,5] 2w, [1,2] (7)

800 [3,4], [2,3]

[5,10] 350 [5,7] (83)

500 [5,6] (2)

800 [4,5], [1,2]

[5,5] 350 [5,5] (157)

500 [5,5] (1)

800 [5,5]

[0,10] 350 [0,1] (13)

500 [0,1] (6)

800 [0,1] (2)

[0,5] 350 [0,2] (75)

500 [0,1] (5)

800 [0,1] (2)

[0,0] 350 [0,0] (141)

500 [0,0] (1)

wileyonlinelibrary.com/journal/jms Copyright © 2013 Jo
at t = 0.1 ns, but two of them are located quite close to each other
and are counted as a single larger [8, 10] cluster, consisting of 8 AOT�

and 10 Na+ ions. The situation persists until ca. 0.2 ns, and finally the
two domains separate irreversibly.

Time dependence of NW, NAOT and NNa and of charge density for
the other examined systems are reported in the Supplementary
Information file (SI). Relevant data are also collected in Table 1,
in order to make comparison of their characteristics easier and
to suggest possible new experiments to be performed. In particular,
we report the composition of the nanodroplets in terms of
[NAOT, NNa] aggregate(s) and of residual water molecules at the
end of the simulation (i.e. 50 ns for systems at 350 K and 3 ns for
systems at 500 K and 800 K), the value t1/2 of the time at which half
of the initial water molecules has left the droplet, the fraction fw* of
the water molecules still present in the droplet at the time when
the first Na+ ion is ejected and the charge density r* of the droplet
at the same time.

From Table 1, one can see that for all systems at 350 K, one
aggregate is obtained at the end of each 50-ns simulation, which
includes the same number of surfactant molecules present in the
initial droplet. This is also true for the 3-ns simulations at 500 K,
whereas for those at 800 K, the droplets end up very frequently
with the fragmentation in smaller surfactant aggregates, in
agreement with previous findings.[24]

As expected, t1/2 depends on temperature to a major extent,
but depends only slightly on the charge state of the droplet,
suggesting that the ion–ion interactions are shielded by water.
The rather strong interaction between Na+ ions and water is also
0
AOT, N

0
Na] systems: aggregate composition [NAOT, NNa] at the end of the

of water molecules indicated in round brackets; time t1/2 (ns) when NW=
onding charge density r* �10

3 (e/Å3) of the nanodroplet when the first

t1/2 fW
* r*

22.9 0.98 0.54

0.17 0.80 0.63

0.0032 0.61 0.76

26.0 0.54 0.43

0.21 0.48 0.46

0.0029 0.17 0.80

30.8 - -

0.26 - -

0.0031 - -

23.2 0.99 0.60

0.16 0.89 0.65

0.0029 0.79 0.72

25.0 0.49 0.54

0.21 0.58 0.47

0.0027 0.46 0.56

26.3 - -

0.24 - -

0.0036 - -

22.2 0.99 0.67

0.18 0.80 0.82

0.0031 0.65 -

25.2 0.52 0.64

0.22 0.46 0.70

0.0031 0.32 -

26.4 - -

0.25 - -
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suggested by Fig. 2, where one may notice that Na+ ions leave
the droplet being surrounded by a number of water molecules.

Sodium ion emission is observed when the droplet charge
density is about 4–6 � 10�4 e/Å3 which approximately corresponds
to an electric E field intensity at the surface of 2–5 V/nm, as
determined by assuming a spherical shape of the nanodroplet. This
value is consistent with the minimum field strength at the droplet
surface producing ion emission (of the order of 1V/nm), as
evaluated by Iribarne and Thomson.[7,39,40] These Authors
described the process as determined by the combination of the
solvation energy of the evaporated ion and by electrostatic
interaction between the ion and the droplet.

No sodium ion emission is observed in the case of neutral
droplets, whereas the rate of ejection of Na+ ions significantly
increases with the droplet net charge, as indicated by the fW

*

value and as documented by the plots reported in Supporting
Information. Interestingly, ion emission increases with temperature
before fragmentation and decreases after fragmentation has taken
place. It is worth noting that aggregates maintain a higher charge
state at low temperature and when they are formed from droplets
with high initial charge (i.e. higher potential attached to the capillary
and/or higher concentration of ions in the starting solution).

As shown in Table 1, the value of water fraction fW
* still pres-

ent in the droplet when the first Na+ ion is ejected decreases
by increasing temperature, implying that a temperature increase
enhances the emission rate for water molecules more than
for Na+ ions. This again speaks in favour of a strong ion–water
interaction. Moreover, at fixed charge state, a higher number of
AOTNa molecules in the droplet involves a stabilization of the
extra charges, making the ion emission more difficult.
4
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5

Conclusions

The behavior of aqueous nanodroplets containing few AOT� and
Na+ ions has been investigated by MD simulation, with the aim to
mimic AOTNa solutions under ESI conditions. Taking into account
that the typical residence time of charged species within the
mass spectrometer is of the order of 10 ms,[1] our results indicate
that in the ESI positive mode the surfactant aggregates produced
from aqueous nanodroplets, after complete water evaporation
and loss of some sodium ions, are expected to be experimentally
observed. The size distribution of detectable aggregates results
from the statistical averages of surfactant molecules over the
various nanodroplets initially produced by the ESI apparatus.
Furthermore, the simulations show that only at sufficiently
high temperature fragmentations occur and aggregates smaller
than those observed at low temperature should be detected by
ESI-MS experiments.

All performed simulations also show that surfactant AOTNa
molecules, initially organized as direct micelles in the aqueous
solution, self-reassemble in ESI conditions as reverse micelle-
like aggregates in a very short time. This finding is of utmost
importance in view of the possible use of surfactant aggregates
in the gas phase for transporting and protecting drugs or other
biomolecules to the lungs, and/or as nanoreactors for specialized
reaction in confined space and atmospheric cleaning agents.
Moreover, the present results may shed some light onto the
studies of molecular aggregates in the interstellar space and
may be relevant for researches about the origin of life.

Finally, our simulations show that sodium ions are emitted
from aqueous nanodroplets as solvated species when the charge
J. Mass Spectrom. 2013, 48, 478–486 Copyright © 2013 John W
density reaches a critical value. This implies that, consistent with
experimental data,[41] a higher charge state should be observed
for larger aggregates. Moreover, since the electric field at the
droplet surface needed to cause sodium ion ejection is four
orders of magnitude larger than the typical externally applied
electric field (about 5 kV/cm), we may argue that the latter field
has no effect on the droplet time evolution.
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