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Abstract.Westudy systematically the charging and releasemechanisms of a flexible
macromolecule, modeled by poly(ethylene glycol) (PEG), in a droplet by using
molecular dynamics simulations. We compare how PEG is solvated and charged
by sodium Na+ ions in a droplet of water (H2O), acetonitrile (MeCN), and their
mixtures. Initially, we examine the location and the conformation of the macromol-
ecule in a droplet bearing no net charge. It is revealed that the presence of charge
carriers do not affect the location of PEG in aqueous and MeCN droplets compared
with that in the neutral droplets, but the location of the macromolecule and the
droplet size do affect the PEG conformation. PEG is charged on the surface of a
sodiated aqueous droplet that is found close to the Rayleigh limit. Its charging is

coupled to the extrusion mechanism, where PEG segments leave the droplet once they coordinate a Na+ ion or
in a correlated motion with Na+ ions. In contrast, as PEG resides in the interior of a MeCN droplet, it is sodiated
inside the droplet. The compact macro-ion transitions through partially unwound states to an extended
conformation, a process occurring during the final stage of desolvation and in the presence of only a handful
of MeCN molecules. For charged H2O/MeCN droplets, the sodiation of PEG is determined by the H2O
component, reflecting its slower evaporation and preference over MeCN for solvating Na+ ions. We use the
simulation data to construct an analytical model that suggests that the droplet surface electric field may play a
role in the macro-ion–droplet interactions that lead to the extrusion of the macro-ion. This study provides the
first evidence of the effect of the surface electric field by using atomistic simulations.
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Introduction

Electrospray ionization (ESI) operates by spraying an aerosol
of charged droplets. These droplets are the intermediate

carriers that transfer charged macromolecules from bulk solution
into the gaseous state. ESI is often coupled to mass spectrometry
(MS) for the analysis of chemical and biochemical species rang-
ing in complexity from simple molecules to macromolecular
assemblies [1, 2]. In ESI experiments, electrosprayed droplets
often comprise solvent, charged macromolecules, and other sim-
ple charge carriers. During its lifetime, a droplet disintegrates via
solvent evaporation and releases of solvated ions. After a se-
quence of such dynamic events, the analytes are eventually

transferred from the droplet into the gas phase. One of the
long-lasting questions in the studies of ESI-MS is to find out
themechanisms throughwhich chargedmacro-ions emerge from
droplets. These release mechanisms have been related to the final
charge states of the gaseous macro-ions.

The fundamental model that has been used to understand the
fragmentation event of a droplet is the Rayleighmodel, developed
by Lord Rayleigh [3] in 1882, on the stability of a charged
spherical conductor that may undergo shape fluctuations [4, 5].
In the fluctuating shapes, the volume of the droplet is constant but
the surface area may change. In the Rayleigh model, linear stabil-
ity analysis of the total energy of the droplet [4, 6] leads to the
Rayleigh limit for the stability of the droplet, which is given by:

Q2
R ¼ 64π2ε0γR3

0 ð1Þ

whereQR denotes the charge of the droplet at the Rayleigh limit,
ε0 the vacuum permittivity, γ the surface tension, and R0 the
droplet radius. Hereafter we will refer to the droplet being found
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Bbelow the Rayleigh limit^ when Q2
R < 64π2ε0γR3

0. When the
relation is reversed, the droplet is referred to be found Babove the
Rayleigh limit^. It has been revealed in experiments [7–13] and
we have found by molecular simulations [5] that the Rayleigh
model predicts well the onset of the charge-induced instability
even in the cases where all the charge of the droplet is carried by a
single macro-ion solvated in the interior of the droplet [14, 15].

Later, two major mechanisms, the charge-residue model
(CRM) [16, 17] and the ion-evaporation mechanism (IEM)
[18–20], were developed in the field of ESI-MS in order to
address the important question of how the charge state of a
macro-ion is related to the mechanism by which it emerges from
a droplet. In the CRM, a droplet composed of solvent, single ions
and a macro-ion reduces its charge by a sequence of solvent
evaporation and solvated ion ejection events at the Rayleigh limit.
At the latest stage of the droplet’s lifetime when its size is
comparable to the size of the macro-ion, complete desolvation
collapses the remaining ions onto the macromolecule. This model
was formulated by de la Mora [17], and it has been used for
explaining the charge of the macro-ion. The IEM was developed
by Iribarne and Thomson [18] for single ions escaping from a
droplet that is found below the Rayleigh limit. The model de-
scribes the activation energy of single ion release in droplets below
theRayleigh limit when ion evaporation rate is higher than solvent
evaporation rate. Later, Fenn and co-workers used the IEM, also
called the ion-desorption mechanism (IDM), to relate the charge
states of a macro-ion with its escape from a droplet.

In 2008, Hogan et al. [21, 22] proposed a combined charged
residue-field emission model that predicts the final average
charge on proteins. This model determines the charge state of
the droplet not by the Rayleigh limit (Equation 1), but by the
critical electric field on the droplet surface required for the
emission of solvated small ions and protons. A protein that is
assumed to be found in the interior of a droplet acquires the
charge from the ions remaining in the droplet based on the
electric field criterion. The authors reported that their model
agrees with the experimental data on the charge states of proteins.

During the last decade, new insights into the disintegration
mechanisms of charged droplets have been obtained from com-
puter modeling. Steinberg et al. [23] studied the desolvation
mechanism of cytochrome c by performing several constant-
energy molecular dynamics (MD) simulations on droplets com-
posed of a charged cytochrome c and a single solvation shell of
water surrounding the protein. The rate of solvent evaporation as
a function of temperature and the protein conformations were
analyzed. Studies of the structure of several proteins and the
effect of solvent evaporation on their conformations have been
also performed by Patriksson et al. [24]. Consta [25] identified
different droplet states due to the high charge of compact or linear
macro-ions. Consta et al. [26] presented the first example of
macro-ion extrusion from droplets by molecular simulations of
sodiated or lithiated poly(ethylene glycol) (PEG). The extrusion
of macromolecules from droplets has been hypothesized by Fenn
and de laMora [17], yet there has not been any direct evidence of

the mechanism. To our knowledge, a charged PEG molecule is
the only example of extrusion of a realistically modeled macro-
ion from a droplet that has been identified up-to-date by molec-
ular simulations. It is highly expected that derivatives of PEG
with side hydrocarbon chains or different length of methylene
bridges between the oxygen sites will be also extruded from the
aqueous droplet; however, this study has still not been per-
formed. The analytical theory in combination with the simula-
tions in Refs. [5, 25–28] showed how the interplay between the
solvation energy of a macro-ion and the charge in the droplet
determines themechanism bywhich amacro-ion emerges from a
droplet. The analytical model of the extrusion mechanism of a
linear macro-ion from a droplet is presented in Ref. [28], and the
generalization of the model for the various manners that a macro-
ion may be expelled from a droplet or remain solvated is pre-
sented in Ref. [5]. In 2012, an ejection mechanism of a chain was
also described by Ahadi, Konermann, and co-workers [29, 30]
who used MD simulations to study the effect of hydrophobicity
of a bead-spring modeled chain on the mechanistic process in
electrospray ionization. The authors reported, however, that their
model was not intended to relate to any realistic molecule be-
cause of the lack of proper parametrization and structure. A
discussion of the model is found in Ref. [5].

In this study, we continue our analysis on understanding the
manners in which PEG is released from droplets of water,
acetonitrile (MeCN), and their mixtures. Our previous studies
have shown that macro-ions induce diverse droplet morphol-
ogies above or below the Rayleigh limit that affect the charging
mechanisms. The effect of macro-ions on the morphology of
charged droplets and their stability has been addressed by Fenn
[31, 32] and de la Mora [17] who proposed that the extension of
the macro-ion is caused by Coulomb repulsion and, as a result,
the droplet becomes elongated with conical ends that accumulate
the charge density. Although previous suggestions as to how
droplet morphologies influence macro-ion charging have been
insightful, it is only in the last decade that a direct observation of
the droplet morphologies and their relation to the charge states is
possible via the use of atomistic simulations.

The variety of the droplet morphologies implies that the
droplet structure may affect the charge state and the conforma-
tion of a macro-ion and the stability of complexes of macro-
ions (for instance, nucleic acids and protein complexes) in a
distinct manner relative to those in the spherical droplets and
the bulk solution [14, 15]. The droplet morphologies and their
effects cannot be captured at the molecular level by the con-
ventional CRM and IEM or themodel proposed byHogan et al.
[21, 22]. The release of a macro-ion from a droplet is a far more
complicated process than that of simple ions because of the
complexity in the structure of the macro-ion and the chemical
modifications that it may undergo in relation to its release.
Because of this complexity, we have proposed two mecha-
nisms: (1) the CI-EM (charging-induced extrusion mecha-
nism), which takes into account the role of the chemical mod-
ifications of the macro-ion in its extrusion mechanism [5, 26,
27, 33], and (2) the A-CEM (activated-contiguous extrusion
mechanism), which considers that the macro-ion is already
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charged (there are no chemical modifications of the macro-ion
that are coupled to the release mechanism). Detailed descrip-
tions of those mechanisms are found in Refs. [5, 28].

PEG has a persistence length of 3.7–3.8 Å [34, 35]. Its
persistence length is small relative to the contour length of
the specific PEG64 (64 denotes the number of monomers)
that we examine, which is approximately 275 Å; thus the
PEG molecule represents a flexible macromolecule. We
selected to study the sodiation of PEG because (1) our
previous research has shown that the interactions of PEG
with water and Naþ ions can be modeled reliably with the
existing force fields [26, 27, 33]; (2) we can directly and
realistically study the coupling between the charging of
PEG and its release mechanisms from droplets [5, 33]; (3)
PEG–ion interactions have been extensively studied exper-
imentally by the methods of mass spectrometry [17, 36–41].

In the present study, we compare neutral to charged droplet
systems in the presence of the macromolecule. Our key findings
are: (1) In water, PEG is localized onto the droplet surface where
its segments capture Naþ ions and extrude into the vapor phase
via the CI-EM. In MeCN, in contrast, PEG resides inside the
droplet, eventually emerging in the vapor phase (with bound
Naþ ions) after nearly all MeCN has evaporated away. (2) The
different solvent–PEG interactions determine the final charge
state and thus the conformation of PEG. Almost always PEG64-
4Naþ is found to be extruded from an aqueous droplet, whereas
PEG64 bound to fewer than four Naþ ions is the most probable
outcome from an MeCN droplet. Depending on the final charge
state, the releasedmacromolecule is compact, partially stretched,
and extensively stretched [26]. Interestingly, at the latest stage of
droplet desolvation, a few MeCN molecules suffice to maintain
the charged macromolecule compact. (3) Although PEG dis-
plays distinct behavior of solvation and sodiation in droplets of
pristine H2O and MeCN solvents, when PEG is in a droplet
composed of a binary mixture of the two solvents, the final
charge state is almost always four as in a pristine water droplet.
We found that this is attributed to (a) the preferential solvation of
Naþ ions in water and (b) the aqueous core formation due to
differential solvent evaporation of water and MeCN. Moreover,
based on our simulation data, we construct an analytical model
that suggests that the droplet surface electric field may play a
role in the macro-ion–droplet interactions that lead to the extru-
sion of the macro-ion. Although the role of the surface electric
field has been suggested previously [18, 19], here we provide the
first evidence of the effect of the surface electric field via
molecular simulations with atomistic details.

Model and Computational Methods
Modeling of the Interatomic Interactions

We performed molecular dynamics (MD) simulations of drop-
lets composed of solvent, a poly(ethylene glycol) molecule
with 64 monomers (PEG64), and Naþ ions. The solvent was
selected to be H2O, MeCN, and a mixture of H2O/MeCN
with various compositions. These solvents are commonly

used in ESI-MS experiments. PEG was chosen as a realistic
model for a flexible linear macromolecule, and Naþ ions
were used as simple charge carriers to render the droplet
excess positive charge. The PEG and MeCN molecules
were modeled using the OPLS-AA (Optimized Potential
for Liquid Simulations - All Atom) [42, 43] force field
where all hydrogen atoms are explicitly represented. The
OPLS-AA force field includes optimized potential terms for
bond-stretching and angle-bending vibrations, which are
described by an ideal harmonic oscillator, as well as tor-
sional strains, Coulombic electrostatic interactions, and
Lennard-Jones (LJ) interactions. The PEG molecule was
terminated with methyl groups. The parameters for the
atomic sites of the PEG molecule were taken from those
for ethers. The water molecules were represented by the
TIP3P (three-site transferable intermolecular potential)
model [44]. All the MD simulations were carried out by
using the GROMACS [45] version 4.5.5 molecular simula-
tion program. The Visual Molecular Dynamics (VMD) [46]
software was used for the purpose of all visualizations.

System Modeling and Simulation Set-up

Detailed information of the different parameters used in build-
ing systems and running simulations is summarized in Supple-
mentary Table S1 in the Online Resource.

Neutral Droplets PEG64 was solvated in H2O and MeCN
droplets with varying sizes (250–7000 H2O molecules and
250–1500 MeCN molecules). Equilibrium runs were per-
formed by placing the droplet system into a cubic simulation
box with periodic boundary conditions (PBC). The size of the
simulation box was approximately three to four times larger
than the diameter of the droplet so as to ensure that the system
does not interact with its images and to allow for the shape
fluctuations of the droplets. The temperature was set at 300 K
and 250 K for water and MeCN droplets, respectively, so that
vigorous solvent evaporation was suppressed. The time step of
integration was set to 1 fs. in all the runs. MD was performed
using the leap-frog algorithm and the temperature was main-
tained by velocity rescaling. The long-distance electrostatic and
van der Waals interactions between non-bonded atoms were
truncated using the switch function. In this scheme, the Cou-
lomb and LJ potential functions are decreased over the entire
range, and the forces decay smoothly to zero between the
switch and the cutoff radius, so that the forces and their
derivatives are continuous at the cut-off radius. The switch
distances employed for 250 H2O, 800 H2O, 1500 H2O, 4000
H2O, and 7000 H2O were 4.0 nm, 5.0 nm, 5.5 nm, 7.5 nm,
and 9.0 nm, respectively. Those for 250 MeCN, 800 MeCN,
and 1500 MeCN were 4.5 nm, 6.5 nm, and 8.0 nm, respec-
tively. The cut-off radii were 1 nm longer than the correspond-
ing switch distances.

The simulations were prepared with different initial conditions
where either a compact or stretched conformation of PEG64 was
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initially placed inside the droplets for the aqueous droplets with
more than 250 H2O molecules. Furthermore, four additional
aqueous droplets consisting of 4000 water molecules and PEG
with 30, 40, 50 and 64 monomers were simulated at the same
conditions as described above for 4 ns, so as to test the location of
PEG in the droplets. In these systems, a compact PEGwas initially
solvated inside the aqueous droplets. A simulation of PEG64 in
vacuo without any solvent was also performed for 100 ns for the
purpose of comparisons with the other systems.

Charged Droplets For every charged droplet system,
constant-temperature MD simulations were performed using
the leap-frog algorithm and velocity rescaling to thermostat and
maintain the desired temperature. The time step of integration
was set to 0.5 fs. in all the runs, and electrostatic and van der
Waals interactions were not truncated. Each droplet systemwas
placed in vacuo without the PBC, allowing non-equilibrium
runs where solvent and ion evaporations were allowed. Drop-
lets reduced in size by solvent evaporation and Coulomb fis-
sion during the simulations. The evaporatedmolecules and ions
were removed when they were found at a distance longer than
three times larger than the diameter of the droplet from the
connected body of the system.

Aqueous Droplets A stretched PEG64 was initially solvated in
a cubic solvent box constructed with 7000 water molecules.
Several water molecules were replaced with Naþ ions in order
to introduce excess positive charge into the system. Three different
numbers of the ions (16, 32, and 128 Naþ) were implemented.
The temperature was set at T = 300K.Details of these simulations
are also found in our previous study [33].

MeCNDroplets Four charged droplets, each composed of 800
MeCN molecules, one PEG64 molecule and Naþ ions
(NNaþ ¼2, 4, 8, and 12), were prepared and simulated. For the
purpose of comparison, an electrically neutral droplet of MeCN
(i.e., NNaþ = 0) was also simulated. The initial conformation of
the PEG64 molecule in the droplets was compact, which was
obtained from the simulation of a bare PEG64 molecule in
vacuo. In order to investigate the effect of temperature on the
charging mechanism of the macromolecule in the MeCN drop-
lets, we varied the temperature; the systems evolved under four
different temperatures (namely, 250 K, 280 K, 300 K, and 320
K) which are all lower than the experimental boiling point of
bulk acetonitrile (≈355 K) [47]. By visual inspection, we in-
ferred that only the pure MeCN droplet charged with +12 e is
above the Rayleigh limit at T = 280 K as it undergoes immediate
fissions at the very early stage of the realization. Additionally, in
order to study the effect of solvation on the conformational size
of the macromolecule, a PEG64 with the maximum number of
Naþ ions that can attain, which is five (PEG64-5Naþ) [48], was
solvated inside a MeCN droplet and simulated at T = 280 K.

H2O/MeCN Droplets Five different solvent compositions
with mole fractions of MeCN (χMeCN), ranging from χMeCN =
0 (corresponding to pure H2O) to χMeCN = 1.0 (corresponding
to pure MeCN), were examined. The total number of the
solvent molecules and the amount of Naþ ions were main-
tained identical at the initial setup for every system (N solvent =
800, NNaþ = 8). The temperature was maintained approximate-
ly at 280 K.

Results and Discussion
Neutral Systems

Macromolecules on the Surface of the Droplet Typical snap-
shots of the solvation of PEG64 in aqueous droplets of various
sizes are shown in Figure 1a–c. In all the systems at equilib-
rium, PEG consistently resides on the surface of the droplets.
The statistical sampling of the PEG location was tested by
preparing ten initial configurations where the PEG64 was
well solvated in the interior of the droplet. Among these
configurations, droplets of 4000 water molecules with
PEG30, PEG40, PEG50, and PEG64 were simulated,
starting from PEG at the center of the droplet. In all the
systems, the PEG phase-separated from the aqueous droplet
within 4 ns. We found that there was no obvious correlation
between the length of PEG and the diffusion time. It is
interesting that the PEG64 does not entirely adhere to the
surface of the droplet; rather, it often forms multiple loops
that alternate between regions immersed into the solvent and
regions detached from the water/vapor interface of the drop-
let. These alternating loops are shown in the inset of Fig-
ure 1c. The loops are dynamic and the time scale that a
segment of PEG64 is immersed into the droplet may vary
from several tens of picoseconds to a few hundreds of
picoseconds. The alternating loops of PEG have been con-
sistently found at the water/vapor interface in modeling
performed by Prasitnok et al. [49]. In those studies, coarse-
grained modeling of multiple PEG chains was performed in
the liquid/vapor interface of an aqueous solution.

The conformations of PEG64 were quantified by measur-
ing the radius of gyration (Rg) and the end-to-end distance
(REE) of the polymer. The histograms of the Rg and REE

distributions are shown in Figures 2b and S1 in the Online
Resource, respectively. The most probable values of Rg and
REE converge to an upper limit as the droplet size increases.
The convergence of the most probable values of Rg and REE

with increasing the droplet size can be also demonstrated by
plotting these values versus the number of H2O molecules
(NH2O) in a droplet (Figure S3 in the Online Resource). This
limit should be close to the chain dimensions observed in the
case of a bulk water/vapor interface.

To find the origin of the convergence of the Rg and REE

distributions, the maximum number of solvent molecules in the
first solvation shell of PEG64 and the droplet curvature (κ)
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versus the number of the H2O molecules in the droplet were
examined. Figure 2a shows a rapid increase in the number of
water molecules in the first solvation shell of PEG64. This
maximum number is attained when the number of the solvent
molecules is 1500 or more. This convergence indicates that the
maximum solvent–monomer interaction sites have been satu-
rated for the polymer at that location; in other words, there is an
upper limit of the contact area available for the interaction with
the solvent. As shown in the inset of Figure 2a, assuming that
the droplet is in a spherical shape, the curvature of the great
circle decreases and converges to a value close to zero in the
same manner as the number of water molecules in the first
solvation shell of PEG converges. When the diameter of the
droplet is relatively large (≈7 nm), the curvature comes close to
zero and the droplet surface mimics the flat surface of a solvent/
vapor interface. The change of the slope in the curvature of the
droplet and the maximum interaction contacts of PEG64 with
H2O versus the droplet size is in agreement with that of the Rg

and REE values. All the quantities show the onset of the
convergence at approximately 1500 H2O molecules (which
correspond to a droplet with diameter D of ≈4.7 nm), and
they clearly reach a plateau at approximately 4000 H2O
molecules (D≈6.9 nm). The convergence of these quantities
with the size of the droplet is greatly affected by the curva-
ture of the droplet because of the location of the PEG on the
surface and its specific interactions with the solvent at the
droplet/vapor interface.

Macromolecules in the Interior of an Acetonitrile Droplet
Differently from PEG64 in aqueous droplets, it is consistently
observed that the macromolecule settles in the interior of the
MeCN droplets. Typical configurations of the droplets are
shown in Figure S4 in the Online Resource.

In general, the preferential location of PEG64 on the surface
versus in the interior of droplets of various solvents has its roots
in the relative strengths between solvent-monomer and sol-
vent–solvent interactions. The complete solubility of PEG in
water and many organic solvents such as MeCN, MeOH,
benzene, and chloroform has been widely recognized experi-
mentally [50, 51]. MeCN molecules lack the hydrogen-
bonding ability, and therefore, it is dipole–dipole interactions
that prevail for solvent–solvent and solvent–monomer interac-
tions. The lack of the ability to form strong hydrogen bonds
between PEG and MeCN may be compensated by the high
dipole moments of the individual solvent molecules. Hakem
and Lal [51] computed the solubility parameters of PEO in
H2O andMeCN solutions at room temperature by applying the
Hildebrand equation, and they expected lower polymer solu-
bility in MeOH than in MeCN. In our previous study [33], we
found that PEG resides inside a MeOH droplet, regardless of
the presence of charge carriers. Moreover, MeCN molecules
share a common methyl group that water molecules do not
possess. These two factors (i.e., the similarity in the structure
and the intermolecular interactions) may cause the solvation of
PEG in the interior of MeCN droplets.

Figure 1. Typical snapshots (a)–(c) of aqueous droplets of various sizes that contain a PEG64 molecule. The inset of (c) shows the
magnification of a region of (c) that shows the alternating loops in and out of an aqueous droplet of 4000H2Omolecules. TheH2O
molecules are represented by dotted red spheres
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Since PEG64 lies in the interior of the droplet, we conjecture
that its dimensions are affected largely by the diameter of the
droplet. We center the following discussion around MeCN:
Figure S2 in the Online Resource shows the REE and Rg distri-
butions of PEG64 in MeCN droplets as a function of the droplet
size. The REE and Rg distributions reveal the strong correlation
of the conformational dimensions to the size of the hosting
droplet. In addition, their fluctuations also increase with the size
of the droplet, implyingmore conformational freedom granted to
the polymer simply due to more physical space available to it. In
MeCN, the dimensions of PEG64 with respect to the number of
solvent molecules converge faster than those observed in H2O.

The convergence of PEG64 dimensions to an upper limit is
in agreement with the findings of Cifra et al. [52], who dem-
onstrated that the mean REE and Rg of a polymer in a spherical
cavity converge to an upper limit as the sphere radius increases.
The same trend was observed for polymers with different
stiffness parameters [52]. In those simulations, a hybrid
coarse-grained model of semi-flexible chains was employed,
which comprises bead units and stiff springs for effective

bonds. The sphere restricts the motions of the monomers in
all directions when its size is quite small compared to the size of
the macromolecule, yet when the radius is fairly large, it can
mimic the bulk environment. The confinement effect exerted
by the droplet’s finite size on the dimensions of the macromol-
ecule is a general feature that is consistent with the findings of
other theoretical studies of the effect of a cavity on polymer
dimensions [52–59].

In summary, the strong droplet-size-dependent conformation-
al dimensions of PEG64 and their convergence to an upper
threshold are common features in the solvents of water and
acetonitrile. These findings indicate that the confinement effect
is not solvent-specific, and it is completely independent of the
location of the macromolecule in a droplet. The confinement
effect manifests itself in the most probable values of Rg and REE

and the extent of their fluctuations. We found that the most
probable Rg and REE of PEG64 in water droplets decrease by
approximately 50% and 70%, respectively, as the radius of the
droplet decreases from 3:8 nm to the zero solventmolecules (i.e.,
dry PEG64 conformation). Also, in MeCN droplets, PEG64

Figure 2. (a) Number of H2O molecules in the first solvation shell of PEG64 as a function of the droplet size. The inset shows the
change in the droplet curvature (κ) versusNH2O. (b) Probability density (P) of the radius of gyration (Rg) of PEG64 in aqueous droplets
of various sizes. The length of the production run is indicated in the legend and the bin size is 0.1 nm
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shows a decline in the most probable Rg and REE values,
approximately by 39% and 12%, respectively, as the radius of
the droplet drops from 3:2 nm to zero. The transition from the
extended conformation of PEG64 in larger droplets to the dry
state is continuous. Because of the convergence in the most
probable values of Rg and REE in droplets with radius larger
than 3:3 nm and 3:2 nm for water and MeCN, respectively, we
demonstrated that the droplet confinement plays a role in drop-
lets with radius smaller than 3:2 nm. When PEG64 is close to
dryness, the confinement effect diminishes.

Charging of a Macromolecule in Pure Solvent
Droplets

Macromolecule on the Surface of a Water Droplet The charg-
ing mechanism of a flexible linear macromolecule, modeled by
PEG in aqueous droplets, has been discussed in our previous
articles [26–28, 33, 48, 60]. For the sake of completeness, here
we summarize our previous findings, but we also provide new
insight regarding the charging mechanism. The discussion is
about the sodiation of PEG64 in an aqueous droplet, but the
findings are not limited to this particular length of PEG and type
of ions [27]. In our previous studies, we simulated the sodiation
of PEG of various lengths in droplets of 7000 H2O molecules
(approximate radius of 4 nm) down to several hundreds of H2O
molecules (approximate radius of 1 nm) [33, 48] at temperatures
ranging from 280K to 350K. The results presented here are from
simulations performed for this article for PEG64 in aqueous
droplets at T ¼ 300 K. We found that, regardless of the contour
length and the initial configuration of the macromolecule and the
nature of the charge carriers [27], PEG settles on the surface of
the droplet. The strong hydrogen-bonding network formed by
water molecules determines the interfacial confinement of the
macromolecule [49, 61–64].

We found that the sodiation of PEG takes place at the liquid/
vapor interface of the droplet, and it is coupled to its escape from
the droplet [33]. Typical snapshots of the charging of PEG64
during the course of solvent evaporation are shown in Figure 3.
This simulation started from a droplet of approximately 6500
H2O molecules with 16 Naþ ions and PEG64 (Figure 3a). These
system parameters correspond to a charge-squared-to-volume
ratio of the droplet considerably below the Rayleigh limit. The
release of the sodiated PEG from an aqueous droplet is the result
of a series of chemical events. The sodiation of PEG does not
occur at any droplet size, but at a droplet size that reaches a
critical Naþ concentration. This concentration is approximately
that of 20 Naþ ions in a droplet of 6500 H2Omolecules as it was
found in our previous simulations [33] or higher. In Figure 3b,
the first sodiation occurs when 16 Naþ ions remain in approx-
imately 3500 H2O molecules. When a Naþ ion is captured by
PEG64, it becomes coordinated by the oxygen sites of the
monomers (Figure 3b). The PEG segment that encloses the
Naþ ion exposes its hydrophobic methylene group toward the
aqueous surface, resulting inweaker interactions with the solvent
molecules present at the droplet surface. Once one sodiated

segment of PEG is released, it remains extended at an equilibri-
um position. To a first approximation, this position is determined
by the balance between the solvation force and the electrostatic
repulsion. In the next section, we analyze the equilibrium in the
extended segment in order to obtain insight into factors that play
a significant role in the solvation energy. This cycle of sodiation
and partial releases repeats until PEG64 is charged with four Naþ

ions and then it is completely detached from the parent droplet.
The sodiated segment can easily detach from the droplet as shown
in Figure 3c, d. Previous simulations [26, 27] and analytical
theory [5] have shown that depending on the amount of remaining
charges in the droplet, a sodiated PEG may entirely leave the
droplet or stay partially attached to the droplet and dry out.

We found two mechanisms via which the aqueous droplet
reduces its excess charge when it is close (from below) to the
Rayleigh limit. (1) A Naþ ion is released by first attaching to
PEG (Movie S1 in the Online Resource). The attachment of the
Naþ ion onto PEG can occur directly by the transfer of the
cation from H2O into PEG, where it is wrapped by the ethereal
oxygen sites at the surface of the droplet first, and then it is
released along with the PEG portion. Our simulations also
revealed that when a Naþ ion is located in proximity to PEG,
it may be released as a small droplet without initially being
wrapped by the macromolecule. The solvated Naþ ion keeps in
contact with PEG as it detaches from the droplet, and it drags a
short segment of the PEG with it. Then, the solvated ion rolls
on the extruded part of the PEG until the ion is eventually
wrapped by PEG when the water shell around the Naþ ion
completely dries out. (2) The cation escapes the parent droplet
simply by a release from the surface of the droplet that is not
occupied by PEG (Movie S2 in the Online Resource). For large
droplets, it was found that Naþ (or Na H2Oð Þþn ) emission from
the surface occurs rarely compared to Naþ transfer to PEG
within the droplet. The escape of an ion from a conductor such
as an aqueous droplet with Naþ ions is expected to be an
activated process because of the induced charge on the con-
ductor. However, in the release of the sodiated segments of
PEG, this activation barrier appears to be lower than the release
of a water-solvated ion. This is evidenced by the fact that for a
certain charge-squared-to-volume ratio in the droplet, we rarely
observe the release of the water-solvated ion relative to the
PEG-coordinated ion. The ion in PEG is surrounded by a
hydrophobic sheath that facilitates its release. In principle,
one can estimate from the simulations the activation energy
by finding the rate of the escape of the water-solvated and
PEG-coordinated ions.

The radius of the droplet remains approximately constant
throughout the sodiation and release of PEG. As shown in
Figure 3b–d, only ≈8% of the water molecules evaporate
during the charging and release of the PEG. In summary, the
mechanism that we observe by the example of PEG is the
following: the PEG is sodiated in a step-wise process, and the
sodiated segments are released faster (due to lower activation
energy) than the water-solvated Naþ ion release. The study of
the charging of PEG reveals the charging-induced extrusion
mechanism, which we have abbreviated as the CI-EM [5]. In
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our previous research, we have developed an analytical model,
the activated-contiguous extrusion model (A-CEM) [5, 28] for
the extrusion of a linear macro-ion from a conducting droplet.
In the A-CEM, the charge density along the macromolecule is
constant and is assigned from the beginning. Thus, the effect of
the chemical transformations of the macro-ion is not consid-
ered. In the A-CEM, the extrusion of the macro-ion is coupled
to the reduction of the droplet size due to evaporation. In the
phase diagram of the macro-ion extrusion that we have pre-
sented in previous research [28], the extrusion occurs along an
isoline of the dimensionless parameter expressed by the ratio of
the solvation energy to the charge density squared of the
macro-ion. Within this model, it may be possible to also
describe the CI-EM process by considering jumps on different
isolines as the charge density on the macro-ion increases by
capturing the Naþ ions.

It is worth mentioning that expulsion of a non-solvated
charged molecule has been deduced by experimental mea-
surements in rhodamine 6G from methanol droplets [65]. In
the article, the fluorescence spectra suggest that the extru-
sion of Rhodamine 6G follows the ion evaporation mecha-
nism (IEM) because the molecules are detected either as
completely solvated within the parent droplet or bare of
solvent in the gaseous state (i.e., there are no intermediate

solvated states). We note that this release mechanism is
different from the extrusion of the sodiated PEG. The re-
lease of the ionized Rhodamine 6G is similar to the release
of a simple ion in contrast to the release of the sodiated
PEG, which is a chemically driven multi-step process.

Electrostatic Model of Extrusion We use the simulation data
of the extrusion of a charged PEG in combination with analyt-
ical modeling to obtain insight into the solvation energy of an
extruding linear macro-ion from a droplet. Even though we use
the example of an extruding sodiated PEG from an aqueous
droplet in the discussion, the reasoning can be applied to other
extruding macromolecules as well. The total energy of the
system in this analysis is considered to be the sum of its
electrostatic and solvation energies. We used the method of
images with the underlying assumption that the droplet is a
spherical conductor.

In a typical run (e.g., Movie S1 in the Online Resource),
one observes droplet-chain configurations where a partially
extruded PEG64 persists for several hundreds of picosec-
onds. The first extruded part carries a single Naþ ion
(Figure 3). We denote by q the charge carried by the
extruded portion of PEG64. The parameters of the model

Figure 3. Typical snapshots of PEG64 sodiation and ejection from a charged aqueous droplet. The Naþ ions are represented by

blue spheres. The numbers of water molecules and free Naþ ions remaining in the main droplet are shown. The duration of the
process shown is approximately 65 ns at T = 300 K
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are shown in the schematic in Figure 4a. The electrostatic
energy (We) of a spherical conductor of radius R and an
extruded charge at a distance r ¼ Rþ λ from the conducting
sphere is given by the following equation:

We ¼ 1

8πε0

Qþ q0ð ÞQ
R

þ Qþ q0ð Þq
r

−
q0q
r0−r0

� �
ð2Þ

where q
0 ¼ Rq=r and r

0 ¼ R2=r are the magnitude and the
position of the fictitious Bimage^ charge, respectively. The
radius of the sphere (droplet) is computed from the total volume
comprising the water and the solvated part of the chain. The
system parameters used to generate the plots in the modeling are
presented in Supplementary Table S3 in the Online Resource.

In Figure 4b, we plot the electrostatic energy (solid line) using
Equation 2 and the total energy (dashed line), which is the sum of
the electrostatic energy (Equation 2) and the solvation energy as a
function of λ. In the plots,Q ¼ þ8e, q ¼ þ1e andR ¼ 2:1 nm,
which is the radius of a droplet of 1325 H2O molecules. In
Figure 4b, the first minimum approaches minus infinity for a
spherical conductor, which implies that the barrier is infinite. In
Equation 2 the singularity in the energy is caused by the third
term when r � r

0≈0. This singularity is found in the theoretical
expressions of the electrostatic energy of a conductor interacting
with a charge but simulations have shown that it is unphysical for
the release of ions from droplets. The free energy barrier is finite
and this is attributed to the shape fluctuations of the droplets.

For the macromolecule with length L, we model the solva-
tion energy by L� λð Þν, where ν is a constant. The discussion
of this form of the solvation energy is given in Refs. [5, 28]. In

the simulations, we observed a steady state when the chain was
extended 6 nm from the droplet surface. This corresponds to 16
out of 64 residues leaving the droplet (Supplementary
Table S3). In Figure 4b, the dotted vertical line marks the
6 nm extension of the PEG64 from the charged droplet found
in s imula t ions . By minimiz ing the to ta l energy
(We þ L� λð Þν) at λ ¼ 6 nm, one finds the value of the
solvation parameter ν ¼ 16:8kJ=nm⋅mol. Using this value,
the total energy (dashed line) shown in Figure 4b is estimated.
The existence of the barrier shows that the escape of a charge
from the conducting sphere is an activated process.

Owing to the interaction with an induced charge distribu-
tion, in the quasi-static approximation, the interaction energy of
the charge with the droplet next to the surface is dominated by
the term �q2=16πε0λ. As the distance from the droplet in-
creases, the electrostatic (repulsion) energy between the droplet
and the charge,Qq=4πε0 Rþ λð Þ, overcomes the attractionwith
the image charge. We investigate whether a single constant
parameter for the solvation energy can quantitatively explain
the chain extrusion from a droplet.

To a first approximation, the electrostatic force exerted on
the chain is

F ¼ qQ

4πε0 Rþ λð Þ2 : ð3Þ

Because of the balance of the forces in the metastable state of
the extruded segment, the electrostatic force equals the solvation
force (∂ L� λð Þν=∂λ ¼ �ν). In Figure 5a, we evaluate the
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Figure 4. (a) Schematic picture that shows the parameters used in the model. The small red spheres and the large blue sphere
represent the cations placed randomly and the main droplet, respectively. The green line represents a linear flexible macromolecule.

R andQ denote the radius and the net charge of the droplet, respectively; λ is the length of the extruded portion of themacro-ion; q
0
is

the image charge, whereas �q
0
is the counter-charge; r ¼ Rþ λ is the distance between the center of the droplet and the cation

attached to the macromolecule, and r
0
indicates the distance of q

0
from the center of the droplet. (b) Energy of extrusion of a linear

macromolecule from a spherical conductor. The solid line corresponds to the electrostatic contribution given by Equation 2 of a
single charge removal from a conducting spherewithQ ¼ þ8e, andR ¼ 2:1 nm. The dashed line is the sumof the electrostatic and
solvation energy contributions for the extrusion of PEG64 from a sodiated aqueous droplet. The dotted vertical line marks the 6 nm
extension of the PEG64 from the charged droplet found in simulations. Details of the parameters are presented in the text
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dependence of the force on the parameters of the system. In the
calculations presented in Figure 5a, we use a united charge
approximation. In this approximation, we assume that all the
charge (þ1e,þ2e,þ3e) is located at the end of the chain. The
simulations of the ejection of the PEG molecule have demon-
strated a non-uniform charge distribution along the chain. We
have observed that in the majority of the simulations all the
charges are clustered towards the end of the chain. Hence, to
correctly reproduce the electrostatic energy, we used the united
charge approximation. Within this model, the points shown in
Figure 5a should fall in a horizontal line (constant value). In-
stead, the values differ considerably. For instance, for a droplet
with 1300 water molecules (the leftmost group of points), the
values of the electrostatic force vary by an order of magnitude.
Therefore, this model may not capture the major components in
the total energy of the system. In the next step of the analysis, we
hypothesized an additional term in the total energy, which is
proportional to the electric field on the surface of the droplet.

We led to this term by the simulation findings. Our simula-
tions show that the macromolecule lies on the surface of the

droplet. We expect that the local structure of the water on the
surface affects the solvation of PEG64 residing on the droplet
surface. We expect that the local structure of the solvent on the
surface will depend on the magnitude of the electric field

E ¼ Q

4πε0R2 : ð4Þ

We test this assumption by using the linear least square fit of
the following model

−vþ A
Q

4πε0R2 ¼ qQ

4πε0 Rþ λð Þ2 ð5Þ

where ν and A are the fitting parameters. The parameter ν gives
the value for the solvation energy per unit length of the chain.
In Figure 5, we show the results of the fit in the modified set of

parameters Q;Q
0
l;R;Q; qð Þ� �

where

Q0 l;R;Q; qð Þ ¼ R2

A
4πε0vþ qQ

Rþ λð Þ2
" #

ð6Þ

Using R statistical analysis software, we obtained the fol-
lowing values for the parameters ν ¼ 0:46� 0:03 and
A ¼ �0:19� 0:02. The analysis shows that there is a correla-
tion between the electric field on the surface of the droplet and
the electrostatic force between the charged extruded segment of
the chain and the charged parent droplet. This indicates that the
value of the electric field on the surface is potentially connected
to the solvation energy. We note that the field we referred to is
the one prevailing after an equilibrium is established between
neutral evaporation and charge evaporation. The change in the
droplet size between PEG charging events is small. The dy-
namics of the order parameter that corresponds to the degree of
chain extrusion is the slowest process compared with the other
molecular processes in the system, such as chain conformation
dynamics and diffusion of free ions and water molecules.
Hence, we consider the solvation force and the electric field
to be those of an equilibrated system.

Charging in the Interior of a Droplet We have found that
PEG64 is confined in the interior of a MeCN droplet. The
presence of simple charge carriers such as Naþ ions does
not affect the preferential solvation of PEG at the center of
the droplet relative to the neutral MeCN droplet. Conse-
quently, PEG64 is charged with Naþ ions inside the droplet.
Typical snapshots of the charging of PEG in the interior of
an MeCN droplet are shown in Figure 6. Unlike the sequen-
tial partial releases of the macro-ion found in a charged
aqueous droplet, the MeCN droplet reduces excess charge
only through the releases of solvated ions. Hence, the
macro-ion emerges from the parent droplet by solvent dry-
ing-out. The final charge state of the macromolecule is
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Figure 5. (a) Droplet-chain electrostatic force in a united
charge approximation explained in the text. Points are color-
coded to indicate the charge on the chain. Chain charges q are
+1 e (red), +2 e (orange), +3 e (green), and +4 e (blue). (b) Fit of
the data from (a) using a correction to the solvation constant
proportional to the magnitude of the electric field on the droplet
surface. The points follow the same color scheme as in (a)
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found to be two or four elementary charges. We have found
that the maximum charge state of PEG64 is +5 e and it was
obtained in aqueous droplets at T = 273 K [48]. We found
that in MeCN droplets, the initial concentration of the
cations and the temperature of the system are significant
factors that determine the final charge state of the macro-
molecule. For instance, at T = 280 K, PEG64 obtains a
higher charge state (i.e., +3 e) when the droplet initially
contains more cations (i.e., +8–12 e). In droplets that start
with the same number of the cations, different temperature
leads to different final charge states. As the temperature
increases, the solvent evaporation rate also increases, there-
by accelerating both solvent and ion evaporations. In MeCN
droplets, the maximum charge state that PEG64 can sustain
is +4 e, which has been obtained at a low temperature (T =
250 K). The higher charge state of PEG at the lower tem-
perature may be attributed to the following three reasons: (1)
the cations have a sufficient amount of time to interact with the
macromolecule as solvent evaporation slows down, (2) the
macromolecule does not become compact rapidly as its con-
formational dimension is strongly correlated to the size of the
droplet (see Figure 7a), and (3) the surface tension of solvent
generally decreases as temperature increases.

The difference in the final charge state from the case of
water droplets is attributed to the different mechanisms of
sodiation and ejection of the macromolecule. PEG64 on the

surface of an aqueous droplet has an extended conformation
that maximizes its access to the ions. On the other hand,
PEG64 in a charged MeCN droplet becomes more compact
as the droplet shrinks (Figure 7b), thus exposing less in the
interactions with the ions. In MeCN, PEG is sodiated only
when the cations diffuse close to the macromolecule while
the parent droplet loses its mass and charge via evaporation.
The charging of PEG in MeCN is different from that pre-
dicted by the CRM. The CRM states that during droplet
evaporation, single charges are released from the droplet by
Rayleigh’s mechanism, and when the size of the droplet
shrinks to the size close to that of the macro-ion, complete
desolvation causes the remaining charges to collapse onto
the surface of the macro-ion [17, 66]. However, we do not
observe the adhesion of the ions onto compact PEG at the
latest stage of desolvation; that is, ions can bind to PEG
during the evolution of the droplet while solvated ions are
released from the parent droplet. This behavior is consistent
with our previous study on PEG in a charged MeOH droplet
[33]. Therefore, one of the general and unsurprising find-
ings of the comparison between the charging mechanisms of
PEG in aqueous and MeCN droplets is that the solvent plays
a pivotal role in the charging mechanism and the manner in
which PEG64 emerges from a droplet.

The conformational changes of the flexible macromole-
cule residing in the interior of the droplet are significant as

Figure 6. Typical snapshots of PEG64 sodiation and release from a charged MeCN droplet. The Naþ ions are represented by
yellow spheres. PEG64 is colored in gray. For the purpose of better visualization, the molecular details of PEG64 are not shown. The

numbers of MeCN molecules and Naþ ions remaining in the parent droplet are indicated. The duration of the process shown is
approximately 10 ns at T = 280 K
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the droplet changes its size. To demonstrate this effect, we
used the extreme case of PEG64 in its maximum charge
state (PEG64-5Naþ). In the absence of solvent, PEG64-
5Naþ has a linear conformation [48], whereas in the pres-
ence of solvent, the macro-ion is compact. A typical plot of
the Rg evolution of PEG64-5Naþ versus remaining MeCN
molecules in an evaporating droplet is shown in Figure 7a.
In the same figure, typical snapshots of the change in the
conformation of the sodiated PEG64 during solvent evap-
oration are also included. These trends are common, re-
gardless of the amount of initial charges added into the
droplet (Figure 7b).

The general behavior that is found by examining the stabil-
ity of the sodiated PEG64 in MeCN droplets is that the macro-
ion stays compact up to the late stages of solvent evaporation.
A single solvation shell is sufficient to maintain a highly
charged linear macro-ion compact. It is at the late stage of
evaporation that it partially extends when a small amount of
solvent is still present. Depending on the charge state of the
macro-ion, the sodiated PEG bare of solvent will attain a
conformation that may be linear or partially unwound [26].

We explain the stability of the highly charged compact
PEG64 in small droplets by the Rayleigh limit (Equation 1),
which is the critical value of the square of the charge-to-volume
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Figure 7. (a) Rg of PEG64-5Naþ as a function of the number of remaining MeCNmolecules (NMeCN) in an evaporating droplet. The
Naþ ions coordinated by PEG64 are represented by yellow spheres. The entire evaporation process after relaxation occurs in
approximately 7 ns at T = 280 K. (b) Declining trends of Rg of PEG64 in a MeCN droplet with different initial charges. The lines were
obtained by fitting the points into a linear function. m is the slope of the lines
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ratio that a droplet becomes unstable. At a first glance, one
would expect the Rayleigh limit to not hold for a small droplet
that is mainly composed of the charged macromolecule.

However, we found that the partial extension of the macro-
molecule occurs close to the theoretical predictions of the
Rayleigh limit (Table 1). In our estimates, we also considered
the size of the macromolecule since it is a substantial part of the
droplet. We approximated that each PEG monomer is equiva-
lent to one MeCN molecule, and therefore, we used the exper-
imental value of the surface tension forMeCN (29 mN/m) [67].
This approximation is valid as it is very close to the one used
for the apparent surface energy of PEG globules [37]. Also
Consta and Chung [26] characterized the conformational
changes of PEG- Naþð Þn ions by using MD simulations, and

they observed Qc∝
ffiffiffiffi
N

p
scaling behavior for the charged PEG

(where Qc is the critical charge and N is the degree of poly-
merization) as predicted by the experimental findings of Ude
et al. [37] and the Rayleigh criterion. In order to make a fair
comparison with the Rayleigh limit, however, we believe that
we need to include the elastic energy of the chain in the
Rayleigh expression. The manner to include the elastic energy
of the polymer chain into a Rayleigh expression requires a
separate investigation from the present study, and to our knowl-
edge, this aspect is still to be examined. Here we note that the
partial unwinding of the chain in the latest stage of desolvation
has the features of the activated contiguous extrusion mecha-
nism (A-CEM) [5, 28].

We also remark that the relationship between the gas-
phase conformations of polymer ions and their charge states
has been an important question to be addressed in mass
spectrometry. For example, Criado-Hidalgo [68] has pro-
duced predominantly globular ions of large PEG chains
with moderate charge states in negative ESI in order to
facilitate ion identification in ion mobility separation
coupled to mass spectrometry (IMS-MS). For the ions of
small PEG chains (<14 kDa) with charge state (+1 to +5 e),
Ude et al. [37] formulated an approximate criterion for the
critical mass (m*) of PEG below which PEG globules lose
stability at a Rayleigh-like limit: m* zð Þ∼500z2 where z is the
charge state that values up to 5. This predicts that a PEG64
ion (≈2:8 kDa) adopts globular geometry only when it
bears up to two Naþ ions, which is consistent with our

findings; we found that the conformational shapes of
PEG64-zNa+ are fully stretched when z = 4,5, partially
stretched when z = 3, and compact when z = 1,2.

Mixture of Solvents PEG shows distinct behaviors of solva-
tion and sodiation in pure water and MeCN droplets. Then, an
interesting question may arise: What would happen if it is in a
mixture of those two solvents? Solvation properties of a water/
MeCN binarymixture have beenwidely studied. Particularly, it
has been revealed that micro-heterogeneity in a binary solvent
mixture may be displayed as the direct consequence of specific
solvent–solvent interactions (e.g., water and some organic sol-
vents such as MeCN [69–73] and dimethyl sulfoxide [72, 74]).
In our simulations of H2O/MeCN mixtures at various compo-
sitions, we confirmed the micro-heterogeneity of the binary
mixture in a droplet by observing that the size of the water
clusters grows as the aqueous component increases, which is
consistent with the findings in Ref. [75]. Also, we found that
the liquid/vapor interface of the droplet is more enriched in
MeCN molecules, whereas water molecules are located mainly
in the interior of the droplet. The water molecules are apt to be
clustered with one another, many of which surround free and
bound Naþ ions on PEG. Therefore, the presence of solutes
may promote the heterogeneous microstructure of the miscible
binary solvent when they show preferential solvation by one
solvent over the other. For example, the preferential hydration
of Naþ ions has been observed in bulk water/MeCN mixture
[76–78], which is consistent with our simulations (Supplemen-
tary Table S2 in the Online Resource).

Interestingly, we found that micro-heterogeneous solvation,
enhanced by the presence of the cations, in combination with
differential evaporation rates of the two solvents, leads to the
formation of the inner aqueous core at the point when the
aqueous component becomes dominant. Figure S5 in the Online
Resource shows that the water loss is in a linear trend, whereas
the MeCN follows an exponential decay. The order of solvent
depletion by evaporation, therefore, is clearly seen: MeCN
disappears at a faster rate. The insets showwater clusters moving
closer to one another and aggregate as the droplet shrinks in size
due to solvent evaporation. The formation of an aqueous core is
critical in determining the final charge state of the macromole-
cule in these droplets of binary mixtures.

The formation of the water core is evidenced by the change
in the chain dimension of PEG64 as solvent evaporates. In
other words, the impact of solvent composition is reflected in
the conformations of the macromolecule. As shown in the
previous section, when a flexible linear macromolecule (even
with a maximum charge state) is located inside a droplet (as for
PEG64 in an MeCN droplet), the chain dimension becomes
smaller as the size of the droplet decreases by solvent evapo-
ration. When the aqueous component dominates (i.e., χMeCN =
0.2), as shown in Figure 8, the macromolecule is confined in
the interior of the mixture droplet, and simultaneously confined
on the surface of the aqueous core. This Bsandwiched^ solva-
tion at the MeCN/water boundary due to early phase separation

Table 1. Charge States and Droplet Sizes of MeCN Droplets

Nsol

(with PEG64)
Charge state
of PEG64 (e)

R.L. Charge
(e)

57 (121) +5 +4.0
20 (84) +4 +3.3
5 (69) +3 +3.0

The first column shows the number of solvent molecules in a droplet. In the
estimate, we assumed that the 64 monomers of PEG are equivalent in size to 64
MeCNmolecules. The sum of the solvent molecules and the equivalent PEG64
are shown in parenthesis. The second column shows the simulation-determined
charge that a droplet can hold right before the release of charge. The third
column shows the Rayleigh limit (R.L.) estimate of the charge that a droplet can
hold
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of the binary solvent mixture is a direct result of the solvent–
solvent and solvent–polymer interactions in water and MeCN.
However, the binary solvent mixture has differential evaporat-
ing rates for its components (see Figure S5 in the Online
Resource), and thus, the conformational dimension of PEG64
is not affected by the depletion of MeCN. The sudden jump at
the late stage arises from the partial extrusion of the macro-ion
from the main droplet. On the contrary, when the MeCN
component dominates (i.e., χMeCN = 0.8), the macromolecule
is confined in the interior of the mixture droplet. However,
because of the lack of the aqueous core at the initial stage, the
degree of extension of PEG64 is largely affected by the droplet
shrinkage due to the higher evaporation rate of the MeCN
component, until the water component dominates by forming
the aqueous core. As shown in Figure S6a in the Online
Resource, there are two distinct regimes. The blue line repre-
sents the MeCN regime where the conformational size of the
macromolecule is decreasing according to the solvent (mainly
MeCN) evaporation. On the other hand, the red line represents
the water regime where the chain dimension is kept almost the
same due to the predominant presence of the water component
along with its slower evaporating rate. When neither

component predominates in number (i.e., χMeCN = 0.5), the
two distinct regimes are still found as in χMeCN = 0.8. Yet, the
range of the MeCN regime is shorter simply because a smaller
amount of MeCN molecules are present (Figure S6b in the
Online Resource).

As described in the previous section, PEG64 in charged
single-component solvent droplets undergoes distinct solva-
tion, sodiation, and release mechanisms, relying on the location
of macromolecular solvation determined by PEG–solvent in-
teractions. The final charge state of the macromolecule in the
droplets of the binary mixture, therefore, may be sensitive to
the solvent composition of the droplet. However, we found that
the final charge state and the manner via which PEG emerges
from the droplets can be identical to the case found in pure
aqueous droplets. This is obvious in the regime of a higher
aqueous component: the charge reduction at the critical limit is
dominated by sequential partial releases of the macro-ion at the
late stage. In the regime of a lower mole fraction of MeCN, a
series of Coulomb fissions occur at the early stage as a pre-
dominant mechanism to eliminate excess charges from the
parent droplet, and PEG64 is extruded in a sequential manner
when only the small water droplet is left. As shown in Table 2,
the number of charge-reducing events (Coulomb fissions ver-
sus macromolecular partial releases) before the complete de-
tachment of PEG64 from the droplet is different, depending on
the solvent compositions. Yet, the number of the cations re-
maining in the aqueous core is larger than or equal to four in all
composition ratios, owing to the preferential hydration of the
ions. In other words, even at the small mole fraction of water
(i.e., χMeCN = 0.8), PEG64 can be liberated from the parent
droplet through sequential partial releases as in a charged pure
aqueous droplet, leading to the final charge state of +4 e. This is
attributed to the formation of the inner water core in combina-
tion with preferential hydration of the cations.

Conclusions
In electrospray ionization (ESI), the manners that a macromole-
cule emerges from charged nanodroplets have been described
predominantly by the charge residue mechanism (CRM) [16, 17]
and the ion evaporationmechanism (IEM) [18–20]. In the former
mechanism, excess charge is reduced from the parent droplet at
the critical level by a series of Coulomb fissions during the course
of solvent evaporation. At the very late stage of the desolvation
process, remaining ions collapse onto the macromolecule. It has
been proposed, based on an ample body of experimental evi-
dence [17, 20, 36, 79], that the distinction between these two
mechanisms may be based on the molecular mass of an analyte:
the CRM for massive, heavy macromolecules (such as globular
protein complexes) and the IEM for small, light ions (including
simple atomic and molecular ions). Here we have shown that this
distinction contradicts our findings where the same macro-ion
emerges from a droplet in different ways depending on its
interactions with the solvent. Fenn et al. [36] argued that PEGs

Table 2. Number of Coulomb Fissions (NCF), Number of Free Na+ Ions
before the First Partial Release of the Macro-Ion (NNaþ ), and Final Charge
State of PEG64 in Different Solvent Compositions (χMeCN)

χMeCN NCF NNaþ
Final charge state

0 0 8 PEG64-4Naþ
0.2 2 6 PEG64-4Naþ
0.5 2 6 PEG64-4Naþ
0.8 4 5 PEG64-4Naþ
1.0 5 3 PEG64-3Naþ

Figure 8. Radius of gyration of PEG64 (Rg ) versus total num-
ber of solvent molecules present in the parent droplet (N solvent)
when χMeCN = 0.2 at T = 300 K. In snapshots, PEG64 is colored
in gray for the purpose of better visualization
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leave the droplets via the IEM, based on his observations that
lower charge states than a certain value were not detected in their
mass spectra acquired from ESI experiments. We have provided
the details of rather complicated mechanisms of the extrusion of
the charged PEG from aqueous droplets and water/MeCN drop-
lets. The extrusionmechanism is coupled to the charging of PEG,
and we have called this mechanism the charging-induced extru-
sion mechanism (CI-EM). On the other hand, PEG64 in charged
MeCN droplets resides in the interior of the droplet and becomes
charged throughout solvent evaporation. The conventional IEM
and CRM do not provide a crucial link between the nature of
solvent and the releasing mechanism of a macromolecule. In this
study, we emphasize the significant role of solvent not only to the
solvation and sodiation properties, but also to the release mech-
anism of PEG64 as a representative to flexible linear macromol-
ecules. In other words, the nature of solvent can grant complexity
to solvent-ion-macromolecule interactions, which, in turn, deter-
mines the final ejectionmechanism of amacromolecule, not only
predicted by its molecular weight.

The role of surface tension in the determination of the
final charge state of a macromolecule has been questioned
in ESI experiments [80–86]. It has been found that higher
charge states can be observed when the surface tension of
the liquid rises, as the droplets can hold more charges that
would be otherwise lost during droplet disintegrations at the
early stage of the droplet evolution [87]. Also, Iavarone and
Williams [88] demonstrated that in the absence of other
factors, the surface tension of the droplet in the late
desolvation process is a critical factor for overall analyte
charge by investigating the extent of charging of different
analytes, including PEGs, with ESI-MS. They used metha-
nol and water as single-component solutions and added m-
nitrobenzyl alcohol (m-NBA) to alter the surface tension of
solvent. They found a strong correlation between the sur-
face tension of solvent and the final charge state of the
macro-ion. Even though there is still the ongoing debate
on the role of surface tension (and its relevance to protein
supercharging [86]), it seems that their experimental obser-
vations are consistent with our simulations of charged drop-
lets of pristine water and acetonitrile. According to the
Rayleigh mechanism, it is expected that the addition of an
organic solvent with lower surface tension and lower vola-
tility than water should lead to a lower charge distribution of
analytes. However, our findings reveal that in addition to
the surface tension of solvent, more factors come into play
in the charging mechanism of the macromolecule. The
difference in the charge state of PEG is attributed mainly
to the combination of the location of PEG in a droplet
(surface versus interior) and how rapidly the solvent evap-
orates. We found that PEG64 ends up with four Naþ ions
when solvated in water droplets, whereas it often takes less
than four charges when solvated in acetonitrile droplets.
This is because (1) PEG64 is on the surface of the water
droplet, adopting more extended conformations, (2) the
location of solvation of the macromolecule alters the man-
ner that PEG is charged and released, and (3) more of the
free Naþ ions floating in acetonitrile droplets escape the
parent droplet by Coulomb fissions due to its faster

evaporation rate. Interestingly, however, experimental re-
sults countering the significance of surface tension have
been provided [81–85]. Also, we found that the presence
of MeCN in an aqueous droplet may not have a critical
impact on the release mechanism and the final charge state
of PEG64, at least for the three composition ratios we
examined in this article (i.e., χMeCN = 0.2, 0.5, and 0.8),
although the addition of MeCN into an aqueous solution is
known to decrease the surface tension of the resulting mix-
ture [89]. As PEG shows distinctive ejection mechanisms
with varying final charge states based on the type of solvent,
it was strongly expected that the macromolecule would be
induced to have intermediate degrees of those properties,
depending on the solvent composition ratio. However, our
finding is completely different: the introduction of a MeCN
component into a H2O droplet does not change the charging
and ejecting mechanisms, and therefore, PEG64 in these binary
droplet systems shares the common features of the IEM. We
attributed this to micro-heterogeneity, different solvent evapo-
ration rates, and preferential hydration of Naþ ions.

In order to study the effect of solvent on themaximum charge
state and charge state distribution of proteins generated by ESI,
Iavarone et al. [90] compared electrospray spectra of cytochrome
c and myoglobin in the solution mixture of 47% water/50%
organic solvent/3% acetic acid, where the organic component
was methanol, MeCN, or isopropanol. They claimed that the
charge state distributions of the two proteins shift to lower
charge with a noticeable reduction in the abundance of the
maximum charge state. Similarly, Hopper et al. [91] placed a
small reservoir of MeCN into the atmospheric pressure region of
an electrospray source, and they found that the average charge
states of proteins (trypsin–benzamidine protein–inhibitor com-
plex and human transthyretin) sprayed from aqueous buffers
were lessened by exposing electrosprayed droplets to the neutral
solvent vapor. According to their studies, the effect of MeCN
molecules on the final charge state of a macromolecule is not
negligible, whether they are present inside or outside the droplet,
as they result in the decrease in the charge states of the macro-
molecular ion. This is apparently not in accord with our results
because the cationization of PEGs is typically dominated by
metal cation adduction [36, 88], whereas proteins have more
complicated architectures and both covalent and non-covalent
interactions that PEGs do not have. For instance, it has been
commonly known that the charge state distribution of a protein
ion is influenced significantly by its molecular conformation and
acid-base chemistry, both in solution and in the gas phase [90].
Denatured, elongated protein structures are prone to have higher
charge states than their folded tertiary structures because of
higher affordability of the electrostatic repulsions between
neighboring charges and higher accessibility of basic residues
in the protein [90]. Also, the charge transfer between a protein
and solvent molecules may involve proton transfers in addition
to the adduction of a charged species. These aspects of proteins
make it difficult to extend our findings to the case of protein ions
generated by ESI.

Our study poses additional engaging questions to be
asked. For example, the charging and release mechanisms
of the flexible macromolecule may differ simply by

2276 M.I. Oh and S. Consta: How Are Flexible Macromolecules Charged in Droplets?



replacing Naþ ions with other salt ions. It is of significance
to answer if the nature of charge carriers (e.g., molecular
ions such as guanidinium and tetramethylammonium ions
versus simple metal ions such as sodium and calcium ions)
has any striking impact on how a flexible macromolecule is
released from the droplet. In particular, the size and the
molecular geometry of charge carriers may affect the ioni-
zation mechanism of the macromolecule. For example,
large, complex ions may require a longer sequence of
monomers with complicated looping patterns when they
charge the macromolecule, possibly reducing the final
charge state of the macro-ion.
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