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Abstract

The surface excess charge layer (SECL) in
droplets has often been associated with distinct
chemistry. We examine the effect of the na-
ture of ions in the composition and structure of
SECL, by using molecular dynamics. We find
that in the presence of simple ions the thick-
ness of SECL is invariant not only with respect
to droplet size but also with respect to the na-
ture of the ions. In the presence of simple ions
this layer has a thickness of ~ 1.5 — 1.7 nm
but in the presence of macroions it may ex-
tend to ~ 2.0 nm. The proportion of ions con-
tained in SECL depends on the nature of the
ions and the droplet size. For the same droplet
size, I and model H30" ions show consider-
ably higher concentration than Na® and Cl”
ions. We identify the maximum ion concentra-
tion region, which, in nanodrops, may partially
overlap with SECL. As the relative shape fluc-
tuations decrease when micro-drop size is ap-
proached, the overlap between SECL and max-
imum ion concentration region increases. We
suggest the extension of the bi-layer droplet
structure assumed in the equilibrium partition-
ing model of C. Enke to include the maximum
ion concentration region that may not coincide
with SECL in nanodrops. We compute the ion
concentrations in SECL, which are those that
should enter the kinetic equation in the ion-
evaporation mechanism, instead of the overall
drop ion concentration that has been used.

Introduction

Native mass spectrometry often relies on the
use of charged droplets to carry analytes from a
sample into the gaseous phase.! ! The charged
droplets may originate from a liquid solution or
from a solid matrix as in the recently developed
matrix-assisted ionization (MAI) technique!?!3
that combines features of matrix assisted laser
desorption/ionization (MALDI) and electro-
spray ionization (ESI). These droplets comprise
solvent, analytes, ions and possibly other ad-
ditives. The initially sprayed droplets disinte-
grate as they are directed in their motion by
an electric field through higher to lower pres-
sure compartments. The purpose of the pro-
cess is the release of analyte as free as possible
from adducts and solvent molecules. In order
to explain the mass spectra abundances intu-
itive macroscopic models of the droplet frag-
mentation kinetics, of its structure and of the
effect of solvent evaporation have been devel-
oped over many decades. 2 Despite the con-
siderable amount of research that has been per-
formed, the structure of charged droplets is still
not completely analyzed and the mechanisms of
charging of macroions are still under investiga-
tion.

In a series of articles we dissect the droplet
structure using atomistic modeling with the
aim to find the mechanisms of charging of
macromolecules in spray-based methods used
in native mass spectrometry and explain the
acceleration of reactions in microdrops.? 3 In



previous research we computed ion distribution
profiles and compared them with our analyti-
cal theory that combines main factors that de-
termine these distributions.3! These factors in-
clude a decay length of the ion distribution that
arises from the solution of non-linear Poisson-
Boltzmann (NPB) equation for a rigid spheri-
cal droplet, shape fluctuations and the size of
the ions.3! In the same article®! we developed
methodology on how to compute the average
and instantaneous electric field on the droplet
surface using the multipole expansion method
of electrostatics.?! Following these studies we
addressed the question of the convergence of
electrostatic properties in droplets.3? A system-
atic study of a variety of droplet sizes and use
of scaling, allowed us to find universal behav-
ior for the maximum of the ion distribution as
a function of droplet size and extrapolate data
to larger droplet sizes that cannot be studied
by atomistic modeling thus far.3? By extrapo-
lation, we found that the relative droplet shape
fluctuations become negligible for droplet ra-
dius greater than ~ 10 nm.

In this article we extend our studies in ad-
dressing the droplet structure. Specifically, we
study (a) the effect of the nature of ions and
macroions in the composition and the width
of surface excess charge layer (SECL); (b) the
maximum ion concentration region (MICR) and
(c) the molecular structure of SECL.

Below we present schematically the main re-
sults on droplet structure and the extension
that we discuss in this article. We have found a
bi-layer structure of an aqueous charged droplet
by using atomistic modeling,3? as shown in the
schematic in Fig. 1. Two regions are distin-
guished: an inner droplet region (bounded by
the inner dotted circle) where the total charge
arising from ions, hydrogen and oxygen sites
of water molecules is zero and an outer re-
gion that carries the surface charge. Figure 1
also depicts a schematic representation of water
density (blue line), radial distribution of sim-
ple ions with positive and negative charge (red
lines) and the total charge distribution (solid
black lines) that arises from the ions, hydrogen
and oxygen sites of water. We have found??
that in the presence of Na™ or C1~ ions, the to-
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Figure 1: Schematic representation of a bi-layer
structure of a droplet (represented by circles) as
determined by atomistic simulations of aqueous
droplets.3? The horizontal axis measures dis-
tance from a droplet’s center of mass (COM).
The perpendicular axis to the horizontal divides
the schematic into two parts where the radial
distribution of the positive ions is shown in the
right semi-circle and that of the negative ions
in the left semi-circle. The crossing of the axes
is at the droplet’s COM. The water mass den-
sity is shown by solid blue line, the ion radial
distribution normalized by the volume of the
spherical shell by red line and the total charge
distribution (arising from H, O, ions) by solid
black line. The inner dotted black line marks
the onset of the building-up of the charge distri-
bution and the outer dotted line is the droplet’s
boundary at a water density ~ 5 x 107%g/cm?,
where the charge density decreases to zero. The
grey ring delimits the maximum ion concentra-
tion region (MICR) for which details are pro-
vided in the text.

tal droplet excess charge is located in an outer
layer with thickness of 1.5 nm-1.7 nm. Compu-
tations of various droplet sizes comprised HoO
and Na™ or C1™ ions showed that the percentage
of ions in this layer depends on the droplet size.
In droplets with diameter < 4 nm, > 55% of the
total number of ions (Na* or C17) that corre-
sponds to a concentration of > 0.08 £ 0.03 M,
reside in SECL. In droplets with diameter >



16 nm, the proportion is < 24%, which corre-
sponds to a concentration of < 0.03 4+ 0.01 M.
The concentrations reported here have been es-
timated by dividing the moles of ions with the
volume of the spherical shell where they reside.
We note that SECL includes the droplet surface
fluctuations, which leads to partial occupancy
of the volume of the spherical shell with solvent.
If we divide the moles of ions in SECL with the
volume of the average number of HoO molecules
in the spherical shell, then the concentration
of the ions in the outer layers is higher, but
still the new concentration is not dramatically
higher than those estimated by using the entire
spherical shell.

In this article we show that the percentage
of ions in SECL depends on its nature. In the
presence of macromolecules it is possible that
SECL has a thickness of 2.0 nm. For this reason
in Fig. 1 we indicate thickness 1.5 nm-2.0 nm
instead of 1.5 nm-1.7 nm that we found for sim-
ple ions in previous works.?? Depending on the
nature of the ion SECL may not hold the high-
est concentration of ions. We identify the max-
imum ion concentration region (MICR), which
partially overlaps with SECL. The combination
of these two regions may be responsible for dis-
tinct chemistry in droplets because this broader
region is characterized by higher ion concen-
tration than a bulk analogue, surface fluctua-
tions that may couple with the reaction mech-
anisms,* existence of free surface that may
facilitate the reaction®® and distinct molecu-
lar structure, which is more pronounced as the
droplet becomes smaller.

Our computational bi-layer droplet struc-
ture is in agreement with the assumptions of
the equilibrium partitioning model (EPM) of
C. Enke.??3* EPM assumes two regions in a
droplet, a core region, and an outer region
that has the surface charge. Since EPM is a
macroscopic model, it cannot readily provide
the thickness of the outer layer and the amount
of free charge present, thus our molecular mod-
eling provides complementary information in
that respect. Enke points out that the sur-
face excess charge layer is a “different phase”
in the droplet where distinct chemistry takes
place. Here, we propose that within the frame-

work of EPM one may consider that the impor-
tant region for chemical reactivity is extended
beyond SECL to include the region where the
concentration of the ions is still significant.

We remind that another factor that may af-
fect the analyte concentration on the droplet
surface is the solvent evaporation rate. A de-
tailed discussion of the effect of the evapora-
tion rate is found in our previous articles.3!
In this situation, the competition between sol-
vent evaporation rate and analyte diffusion rate
will determine whether the analyte concentra-
tion will increase on the surface because of ki-
netic trapping. In order to study these effects
by direct molecular dynamics evaporation of
droplets of radius > 10 nm should be performed
so as there is enough time for the history of the
droplet to play a role in the manner that an an-
alyte is released from a droplet. To our knowl-
edge these studies are not feasible yet. How-
ever, if evaporative cooling leads to droplets at
room temperature then at this droplet size the
evaporation rate is slow enough to justify the
use of equilibrium simulations to unravel their
structure.

In this article we consider droplets that con-
tain a number of separate charges. For simulat-
ing the droplet equilibrium structure, that re-
quires a constant droplet size, the solvent evap-
oration is suppressed by including the droplet
in a volume where it is in equilibrium with its
vapor. When the ratio of the droplet charge
squared to its volume is below a threshold value
the droplet is in a metastable state. This
threshold value is called the Rayleigh limit. The
condition for non-spontaneous vs spontaneous
droplet break-up is given by the Rayleigh fissil-
ity parameter (X) defined as
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where @) is the droplet charge, v the surface
tension, £y and R are the permittivity of vac-
uum and the radius of the droplet, respectively.
When X = 1 the system is at the Rayleigh
limit. 3> 3% The Rayleigh limit yields an estimate
of the largest amount of charge a droplet of cer-
tain volume can sustain without fragmenting



spontaneously.*® The Rayleigh limit is used in
this article to justify the amount of charge in
the droplets that we simulate. The droplet ra-
dius at the Rayleigh limit will be denoted as R,
and the corresponding charge @),. Therefore, X
can be also expresses as

=@

Models and

Methods

Simulation

We performed equilibrium molecular dynamics
(MD) simulations of charged aqueous droplets
with simple ions which include Na*, Cl—, I,
model hydronium ions and with a macroion
using the example of a cholera toxin*' pen-
tamer in the charge state of The simulations
were performed by using the software NAMD
version 2.12.42 Newton’s equation of motion
for each atomic site was integrated using the
velocity-Verlet algorithm with a time step of
1.0 fs. The trajectories were analyzed using
VMD 1.9.2.43 The water molecules were mod-
eled with the TIP3P (transferable intermolec-
ular potential with 3 points)* -CHARMM
and the TIP4P/2005% and the simple ions
with the CHARMMS36m“%47 and OPLS (Opti-
mized Potentials for Liquid Simulations),®4
respectively. The TIP3P-CHARMM is a
m(odified) TIP3P, which is the original TIP3P
with Lennard-Jones potential on the hydrogen
sites. Hereafter we will use the notation TIP3P
for this water model. Details of the molecular
parameters and the models used for each sys-
tem are presented in Table S1 and Table S2,
respectively, in SI. Table 1 shows the systems
that are simulated and physical parameters
that characterize them.

The large number of studies on the Eigen®°
and Zundel® complexes of water with hydro-
nium ion in small clusters are indicative of the
challenges in modeling and experiments.?®? 72
Because of the large droplets that we study,
we model the hydronium ions by an empiri-
cal model, where the parameters were taken
from.”™ The testing of the model is presented

in Fig. S1 in SI. Aqueous droplets with ~ 880
TIP3P H;O molecules and 6 hydronium ions
at T' = 300 K and T" = 350 K were studied.
We address the following questions: (i) Is there
enough space on the droplet surface to accom-
modate the Eigen “pyramids”. (ii) Does the
particular structure of the Eigen complex, dif-
ferentiate its location in a droplet relative to
that of Na't ions?

We performed molecular dynamics simulation
of a cholera toxin pentamer with the RCSB
PDB™7 ID 1JRO in the charge state of +25¢ in
an aqueous droplet comprised ~ 2 x 10* TIP3P
water molecules and 14 Na™ ions at T' = 350 K.
The protomers in the pentameric structure are
identical and the protein assembly overall has
toroidal. We studied three systems (Table S2 in
SI): i) with no counterions, ii) with 18 pairs of
Na™ and C1~, which correspond to a counterion
concentration of 50 mM and iii) with 36 pairs
of Na® and Cl, which correspond to a coun-
terion concentration of 100 mM. The radius of
the droplet is 5.6 nm and the total charge of
the system is +40e.

Equilibrium simulations in NAMD were set
by placing the droplet in a spherical cavity
of radius 20.0 nm by using spherical bound-
ary condition. The cavity was sufficiently large
to accommodate the shape fluctuation of the
droplet. The droplet will eventually reach va-
por pressure equilibrium. The systems were
thermalized with Langevin thermostat with the
damping coefficient set to 1/ps. All the forces
were computed directly without any cut-offs.
The Rayleigh limit of the droplet (Eq. 1 for
X = 1) was calculated with the simulation de-
termined surface tension values of the specific
water model at the simulation temperature.™
Specifically, for TIP3P at T' = 300 K the value
of surface tension is taken to be 0.0523 N/m
and at T = 350 K to be 0.0432 N/m. For
TIP4P /2005 at T' = 350 K surface tension is
taken to be 0.0619 N/m. We point out that we
only use the surface tension values to compute
the fissility parameter (Eq. 1), and thus provide
an estimate of the degree of droplet stability.

The dimension of a droplet (with or without
ions) is often measured by the equimolecular ra-
dius (R.) (values for various systems are found



Table 1: Systems studied, characteristic dimensions and concentrations. ny,o denotes
average number of water molecules and n; number of ions in the droplets during the
production runs. R, [nm] is the equimolecular radius,3? computed by using density
of the TIP3P model at 350 K to be 0.9539 g/cm?. r,., [nm] is the distance from the
droplet center of mass (COM) to the maximum of the ion concentration profile. Apg
[nm] is a characteristic decay length of the ion concentration that emerges from the
solution of the non-linear Poisson-Boltzmann equation. Details for \pg are presented
in the text. Cyicr [M] (where M stands for molarity) is the concentration of the ions
in the maximum ion concentration region (details are presented in the text) and Csgcr
[M] is the concentration in SECL. (), [M] is the bulk ion concentration estimated by
dividing the number of moles of ions by the volume of a droplet of radius R.. X is the
fissility parameter of the simulated droplet (Eq. 1). “—” means that the quantity has
not been defined for a certain droplet size (details are presented in the text). In all
the systems the temperature is set at 7' = 350 K.

nH,0 ny Re [nm] T'max [nm] >\PB [nm] CMICR[M} CSECL[M] Cb[M]
880 INa™* 1.88 0.00-0.80 - - 0.010 £ 0.001 | 0.006
880 1C1 1.88 0.00-0.80 - - 0.010 £ 0.001 | 0.006
880 6C1- 1.88 1.00-1.05 0.76 - 0.36
3500 16C1~ 2.95 2.20-2.25 0.70 0.33 £0.1 0.058 £ 0.006 | 0.247
3x 10* | 44C1” 6.08 5.05-5.10 1.08 0.103 £ 0.003 | 0.029 &= 0.003 | 0.078
3500 151 2.95 2.45-2.50 0.75 0.276 £ 0.008 | 0.075 £ 0.008 | 0.231
880 6H;0™ 1.875 | 1.60-1.65 0.76 - 0.112 £ 0.001 | 0.360

2 x 10* | 1LJRO®* | 55 -
14Na* 4.50-4.55 - - 0.010 = 0.001 | 0.038

2 x10* | 1JRO®* | 55 -
32Na™ 4.40-4.45 - 0.103 £ 0.003 | 0.029 £ 0.003 | 0.089
18C1~ 3.70-3.75 = 0.0713 £ 0.002 | 0.018 £ 0.002 | 0.049

2 x 10* | 1JR0*T 5.5 —
50Na™* 4.60-4.65 - 0.166 £+ 0.004 | 0.047 £ 0.005 | 0.138
36C1 3.25-3.30 - 0.143 £ 0.004 | 0.014 £ 0.002 | 0.100




in Table 1). This radius is determined from the
zero adsorption condition.” If the vapor den-
sity is approximated to zero, R. can be given

- = < 3N )1/3 )

4 pt
where N is the number of molecules in the
droplet, p! is the density of the bulk liquid.

Use of microcanonical or canoni-
cal ensemble in the droplet simu-
lations?

In comparing experimental with simulation
data one should consider the following ques-
tions. (a) What is the temperature in exper-
iments of a nano-drop of the size that can be
atomistically simulated? (b) What ensemble
should be used in equilibrium simulations, the
canonical or the microcanonical ensemble? The
temperature of the droplets in ESI experiments
depends on the experimental conditions and the
instrument used. Insightful experiments per-
formed by Antoine et al.”™® and Cook et al.™
detect the temperature of micro-drops. Both
studies agree that nanoscopic droplets will be
found at elevated temperature because they will
undergo faster thermalization with the warm
background gas than the micro-drops. The rela-
tion of temperature between the simulated and
experimental drops has been addressed by Con-
sta et al.®® Even if experimental conditions are
not exactly known, simulations can still gener-
ate the possible experimental scenarios. Our
previous works showed that the radial ion dis-
tributions33? are practically the same in the
temperature range of 300 K to 350 K and we
currently study the effect of very low tempera-
ture.

Now, we compare the microcanonical with the
canonical ensemble simulations. The use of the
two ensembles in isolated clusters comprised up
to a few tens of molecules has been hotly de-
bated over a decade. The consensus has been
that the canonical and microcanonical ensemble
result in the same structure of a cluster. Dif-
ferences between the two ensembles appear in
the caloric curves of small clusters and for this

reason both ensembles are used in their com-
putation.®5®? Several works have brought up is-
sues with ergodicity and lack of Maxwellian dis-
tribution of atomic velocities in small clusters
simulated in the microcanonical ensemble.®384
Below we compare the simulation set-up used in
this article of a droplet in equilibrium with its
vapour within a cavity with that of an isolated
droplet in vacuo. The former set-up allows us to
assign a statistical mechanics ensemble (canoni-
cal or microcanonical) to the droplet-vapor sys-
tem. Figure S2 in SI compares the total energy
(sum of potential and kinetic energy), tempera-
ture and radial ion distributions using a micro-
canonical and canonical ensemble using a GPU
processor. In the microcanonical simulations
the total energy shows a drift relative to its con-
stant value along the trajectory. The origin of
the energy drift has been analyzed in many clas-
sic textbooks (see for example®®) of molecular
simulations. We find that the ion distribution is
the same in the two ensembles. The energy drift
is negligible in the CPU processor run of micro-
canonical MD because of the double precision
used (Fig. S3 in SI). A microcanonical MD run
may suffer from the known issues of energy drift
that is affected by the integration algorithm and
the numerical precision, and heating-up of the
system even for a 2 fs time-step. The same is-
sues appear in a microcanonical simulation of
an isolated droplet (Fig. S4 in SI) but there the
situation is even more problematic for reasons
that are mentioned below.

From an experimental view, it might be con-
sidered that an isolated droplet (not at equi-
librium with its vapor) simulated in the mi-
crocanonical ensemble is more representative of
reality. The simulations of an isolated droplet
have several known pitfalls. Firstly, it is not
clear how to assign an ensemble to an isolated
droplet because the droplet constantly evapo-
rates. Secondly, in the course of a long trajec-
tory as the one required to obtain converging
ion distributions, the droplet quickly develops
angular and linear momentum because of evap-
oration. As a result, the internal temperature
of the droplet decreases significantly, leading
to freezing. Angular and linear momenta are
natural motions that are expected to appear in



reality (of course, the angular and linear mo-
mentum will be affected by the collisions with
background gas if it is present). We have found
significant droplet evaporation even at as low
a temperature as 280 K over a trajectory of
several nanoseconds. One may delay the effect
of the evaporation by a few nanoseconds if the
droplet is very cold, as for example, an aqueous
droplet of 880 H,O molecules at T = 250 K.
Then a significant energy drift and heating-up
because of numerical noise appear in ~ 5 ns
as shown in Fig. S4 in SI vs a few hudrends of
picoseconds in similar droplets at room temper-
ature. Microcanonical molecular dynamics in a
time interval of nanoseconds is applied best at
very low temperature where the effect of solvent
evaporation is suppressed and in large droplets.

In conclusion, microcanonical and canonical
ensemble provide the same ton distributions in
simulations of droplets in equilibrium with va-
por within a cavity. The microcanonical dy-
namics shows the already known issues of en-
ergy drift and system heating-up, which pre-
vents from using a larger time step of 2 fs. Mi-
crocanonical dynamics for very long trajecto-
ries is not possible without the use of correc-
tive methods (e.g. velocity rescaling), which
of course, deviate the microcanonical ensemble
from its ideal form. In isolated drops the sol-
vent evaporation presents additional challenges
in the use of the microcanonical ensemble be-
cause of the development of linear and angu-
lar momentum. Because of certain weaknesses
of microcanonical MD in running long trajec-
tories for achieving convergence of equilibrium
properties, the canonical ensemble in a droplet-
vapor equilibrium system is preferred. Constant
energy MD should be used in the study of frag-
mentation dynamics of charged droplets, but
the microcanonical MD has to be used in com-
bination with free energy surfaces along collec-
tive reaction coordinates as it has already been
implemented in the release of single ions from
droplets by Consta et al.® in the study of the
IEM mechanism. In this case, the MD trajec-
tories are short (less than a few tens of picosec-
onds), because they are initiated at the barrier
top (transition state) of the free energy profiles.
Within the time of these short MD trajectories

there is no energy drift, no development of an-
gular or linear momentum and even if there is
solvent evaporation it is still very minimal.

Results and Discussion

Charge distribution in droplets
with a single ion

In order to obtain insight into the solvent struc-
ture in charged droplets, first we will examine
an aqueous droplet with 880 HyO molecules and
a single Na™ (droplet diameter &~ 4 nm). The
solvation of a single ion has been extensively
studied in the context of the Born model.37 %

Figure 2 (a) shows the radial ion distrtibution
of a droplet comprised ~ 880 HyO molecules
and a single Na™ or single C1~. The error bars
for Na* in (a) is not shown for clarity, they are
of the same magnitude as for C1". The profiles
in Fig. 2 (a) have been normalized by dividing
the raw histogram data with the volume of a
spherical shell (37[(r + dr)? — 3] where 7 is the
distance from the droplet COM).

Figure 2 (b) and (c) depict the non-
normalized charged distribution of a pristine
aqueous droplet and that in the presence of a
single Na* ion and a single Cl~ ion, respec-
tively. Figure 2 (b) shows that for a pure ~ 880
H5O droplet the charge distribution in the in-
terval [14.041 A, 18.041 A] (negative trough)
integrates to ~ —3.25¢ and in [19.0£1 A,
25.0+1 A] (positive peak) to ~ +3.21e. The
total charge over the undulation is ~ 0.0e as ex-
pected. The same figure shows that in the pres-
ence of a Na™ ion, solvent polarization appears
in the droplet interior. This is not surprising
since the Na™ ion has a significant probability
to be in the droplet interior. The integral of
the polarization charge from the droplet COM
to 17.0+ 1 A is ~ —3.76e and under the pos-
itive peak yields =~ +3.75e. Thus, differently
from the pure HyO, in the presence of a sin-
gle Na™ ion the negative polarization charge is
spread over a much broader interval (because
of the ion diffusion) and it is ~ 0.5¢ lower from
that of pure HyO. The total charge distribu-
tion (arising from H, O, Na') is also shown
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Figure 2: (a) Single Na™ and Cl radial distri-
bution profiles (normalized) in a droplet com-
prised =~ 880 HyO molecules. Normalization is
discussed in the text. The density of water is
shown by the solid black line. (b) Charge ra-
dial distributions (normalization has not been
applied) of the same size droplet as in (a) of
a pristine droplet shown by the red solid line,
of the water only (polarization charge) in the
droplet with a single Na*t ion by the blue dot-
ted line and the total (H, O, Na%) by the blue
solid line. (c) same as (b) but for Cl1 . The bin
size is 1.0 A. Error bars are not shown in (b)
and (c) for clarity. The plots with error bars
are shown in Fig. S5 in SI. The origin of all the
profiles is at the droplet COM.

in Fig. 2 (b). The integral over 14.041 A-
17.041 A(negative trough) yields ~ —2.8¢ and
in 18.0+1 A-25.041 A, ~ 3.76e. These differ-

ences show that the Na™ ion partially compen-
sates the negative trough of the pure water,
which integrates to ~ —3.25e vs ~ —2.8¢ in
the presence of the ion. When the ion is in
the droplet interior, the ion charge is compen-
sated as indicated by the total charge of zero in
the interior. The integral of the charge distri-
bution (comprised O, H sites) with center the
single ion compensates the positive ion when
integrated up to 8 A. In the outer droplet lay-
ers the ion appears with higher probability (not
normalized) at ~13A which is the distance at
which the charge undulation starts to build up.
The charge compensation will take place up to
20 A-21 A. This distance corresponds to the top
of the positive peak in Fig. 2 (b). Beyond this
peak the density of water molecules is negligi-
ble, and the few water molecules form islands on
top of the interior solvation shells. Figure 2 (c)
is the same as Fig. 2 (c¢) but for a CI” ion. A
distinct feature is that the positive peak in the
charge distribution of pristine water is reduced
in the presence of the Cl™ ion.

Effect of the nature of the ion
on the surface excess charge layer
- Maximum ion concentration re-
gion

Figure 3 (a) shows the ion radial distribution of
Cl™ ions in droplets of 880H;0 molecules-6 C1™
(X = 0.57) and 3 x 10* HyO molecules-44 Cl1~
(X = 0.91) using the TIP3P model. The distri-
bution of Na™ ions has been reported in Ref.3?
The region where the surface excess charge is
found has been highlighted. The outer bound-
ary of the highlighting stripe is found where
the density of water is &~ 5 x 107%g/cm?® and
the inner boundary is where the surface ex-
cess charge starts to build-up (see also Fig. 1).
The highlighted region contains 55% (concen-
tration 0.082 mol/L) and 34% (concentration
0.034 mol/L) of total number of Cl  ions in
droplet of 880 and 3 x 10* HyO molecules, re-
spectively. We remind that the ion concentra-
tions have been estimated by dividing the moles
of ions with the volume of the spherical shell
where they reside. SECL (highlighted region
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Figure 3: (a) Cl concentration profiles and
H;0 density vs distance from the droplet COM
for droplets of 880 and 3 x 10* HyO molecules
at T' = 350 K. TIP3P model is used. (b) Same
as (a) but for 16 CI" and 16 I in a droplet
of 3500 H,O molecules. TIP4P /2005 for wa-
ter and OPLS parameters for the ions are used.
The horizontal lines mark the bulk ion concen-
tration Cy, (values are presented in Table 1).
The vertical grey lines mark the Rayleigh ra-
dius, R,, for the amount of charge in the droplet
and the equimolecular radius, R, (values are
presented in Table 1).

in Fig. 3 (a)-(b)) is strongly affected by shape
fluctuations, thus this outer region is not filled
with solvent. We can also estimate the concen-
tration of the ions by using the average volume
of the HoO molecules in the highlighted region.

Then the ion concentration is estimated to be
higher in SECL, but still, it is not a dramatic
change relative to the concentration profiles in
Fig. 3 (a)-(b).

Figure 3 (b) is similar to (a) but for droplets
comprised 3500 H,O molecules and either 16
Cl ionsor 16 I ions. It is reminded that these
systems have been modeled by TIP4P /2005
model for HyO and OPLS parameters for the
ions (Table S2 in SI). SECL with thickness in
the range of 24 + 1 A-38 A contains 36% of
Cl" ions which corresponds to a concentration
of 0.056 mol/L and 54% of 1" ions, which cor-
responds to 0.079 mol/L. The charge distri-
bution of the systems with the 16 Cl~ ions or
16 T" ions is shown in Fig. S6 in SI. Three in-
teresting points arise from the study of these
ion distributions. Firstly, the nature of the ion
plays a significant role in the percentage of free
ions in SECL (36% of Cl ions vs. 54% of I
ions). Secondly, the different percentage of ions
in SECL and the nature of the ions does not af-
fect its thickness. Thirdly, the SECL thickness
using TIP4P /2005 model is found to be 1.6 nm.
In previous research®? we have found it in the
range of 1.5 nm-1.7 nm using the TIP3P wa-
ter model. We conclude that the thickness of
SECL shows low sensitivity to the force field
parameters.

At this point we discuss an intriguing observa-
tion that we made that allows us to identify the
maximum ion concentration region (MICR) of
a charged droplet and its relation to SECL. In
previous articles we introduced the decay length
of the ion distribution that arises from solv-
ing the non-linear Poisson-Boltzmann equation
(NPB) for a rigid spherical droplet.3"3%% This
length, which we denote it as Apg, looks in its
form similar to the “Debye” length for neutral
electrolytes. Apgp for monovalent ions is given
by

EkBT

(4)

where kp is Boltzmann constant, 7" is temper-
ature, T' = 350 K for the droplets we study,
€ is the permittivity of water estimated using
dielectric constant 61.7 for T" = 350 K and
% for ions of charge +1le, where e is
the charge of the electron and |Z] is the abso-

)‘PB ~

g =



lute value of droplet charge in units of e. The
values of Apg for the droplets we study are pre-
sented in Table 1. The NPB finds that the
ion distribution has its maximum value on the
spherical surface and decays exponentially to-
ward the droplet interior. The NPB considers
a rigid sphere, thus it ignores the effect of shape
fluctuations that appear in the outer layers of a
droplet. If we consider the difference ry.« — App
(shown in Table 1) we find a characteristic dis-
tance from the droplet COM, where the ion dis-
tribution has decayed from its peak value. Let
us make now the following construction: we de-
fine the ion concentration, which we call bulk
concentration, Cy, [M] (shown in Table 1), of the
droplet by simply dividing the moles of ions by
the volume of a sphere with radius R.. The C},
concentration is shown by the horizontal line
in Figs 3 (a)-(b). The intersection of the Cj
line with the radial ion distribution towards the
droplet interior coincides with the point with
abscissa rn.x — Apg. We have made this obser-
vation consistently not only for the ion distri-
butions presented in Fig. 3 (a)-(b), but also for
the data presented in Ref.3? However, this is the
first time we report our observation. Table S3
in SI shows the values of Apg for systems we
studied in Ref.?? This observation shows that
Apg, even though approximate, it defines a spe-
cific length of ion decay that has a solid theo-
retical foundation. The radial ion distribution
at distance > 7. is strongly affected by shape
fluctuations. The C}, line intersects this ion ra-
dial distribution in an outer point that is found
within SECL. If we consider the portion of the
ion distribution located between the two inter-
section points of the C}, line with the radial
ion distribution, we define an important region
within a droplet, which we call the maximum
ion concentration region (MICR). The outer
part of MICR overlaps with SECL. We note
here two important points: (a) For droplets of
~ 103 HyO molecules, \pg ~ Tmayx. This is con-
sistent with our findings that the x-scaled radial
ion distribution is almost uniform for droplets
of this size. 32 For droplets of this size we cannot
distinguish MICR concentration as indicated in
Table 1. (b) App is defined via the NPB equa-
tion for a rigid droplet. In reality a droplet un-
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dergoes shape fluctuations. The larger or the
colder a droplet the smaller the shape fluctu-
ations relative to the spherical shape®? (also
demonstrated in Fig. S7 in SI). Under these
conditions MICR and SECL will show signifi-
cant overlap.“

In summary, we identify two significant re-
gions in the charged droplets: (a) SECL (sur-
face excess charge layer) is strongly affected
by shape fluctuations. We expect that this
is the layer from which ions are released in
[EM. In previous articles we have reported that
shape fluctuations become negligible relative to
the spherical shape at droplet radius greater
than 10 nm.32 This droplet size coincides with
that below which IEM is expected to dominate
Rayleigh fission. Our results indicate that it is
the concentration of ions in SECL that should
enter the IEM kinetic equations and not the
total ion concentration as has been used so far.
The concentration of ions in SECL estimated
by using as a volume that of the average num-
ber of water molecules in the spherical shell is
almost the same with that in the droplet core.
(b) MICR (maximum ion concentration region)
is the layer where there is an increased con-
centration of ions. There is an overlap between
SECL and MICR, which is expected to increase
with droplet radius.

Now we make the relation of MICR-SECL
with the two-layer model in EMP. EPM focuses
on SECL because the model uses the analogy
with the structure of a double layer that ap-
pears next to a charged surface. For droplets
with radius < 10 nm3? we think that the active
area of the droplet should be extended by Apg in
order to include MICR. If we consider a droplet
of 10° HyO molecules, modeled by TIP3P at
T = 350 K then the corresponding charge at
the Rayleigh limit is 82.5 e and R, = 9.08 nm,
which yields Apg = 1.29 nm.

We have found that A\pp increases from 1.0 nm
to 1.35 nm at 7' = 350 K in droplets of R, =
5.3 nm (2 x 10° Hy,O molecules) to R, ~ 10 nm,
respectively (data are shown in Table S3 in
SI). In tiny droplets of approximately 10* HyO
molecules MICR is extended to almost the en-
tire droplet. It is straightforward to estimate
the value of A\pg at any temperature, solvent



dielectric constant and droplet size. Thus, it is
reasonable to extend SECL by approximately
1.0 nm in order to define a distinct droplet re-
gion that encompasses the highest ion concen-
tration, carries the excess charge and it is sub-
ject to shape fluctuations. In droplets with ra-
dius > 10 nm the relative shape fluctuations
are small thus, for this droplet size we expect
MICR and SECL to overlap significantly.
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Figure 4: Droplet solvent density and hy-

dronium ion radial distribution profile (upper
panel). The Na® radial distribution profile is
included for comparison. The drop comprises
~ 880 H,O molecules and 6 H;O" ions at
T = 350 K. Total charge of the drop (lower
panel). The black vertical line marks the onset
of the surface excess charge layer. The blurry
region shows the error bars. The production
run is for 40 ns. The standard deviation was
calculated by using 5 blocks of raw data, each
of 4* frames.

The effect of the nature of the ions in their
abundance in SECL is further examined in the
cases of model hydronium ions and a protein
complex. Figure 4 (a) shows the distribution of
“hydronium” ions in a droplet of ~ 1000 H,O
molecules and 6 ions at 7' = 350 K. The hy-
dronium distribution at 7" = 300 K is shown in
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Fig. S8 in SI. The general features of the distri-
bution are the same as that of the Na™ ions but
the hydronium reside much more in the outer
water shells of the droplet than the Na™ ions;
80% of hydronium ions reside in SECL vs. 55%
of Na™ ions. The thickness of the layer remains
almost the same for the two types of ions. Even
though the hydronium model omits important
quantum effects it is demonstrated that it is
possible for ions that carry features of the hy-
dronium ion to have much higher concentration
in SECL than Na™ or C1™ ions.

Figure 5 (a) shows a typical snapshot of
1JRO** in an aqueous droplet of 2 x 10* H,O
molecules and several co-ions and counterions
(Table 1). In all the simulations 1JR0?** resides
off the droplet COM. The charge distributions
of aqueous droplets with various concentrations
of simple ions shows that the surface excess
charge layer has a thickness of &~ 2.0 nm (the
onset of the negative value of the charge density
is at 4.6 nm and the end value is at 6.6 nm where
the water density becomes &~ 5 x 10~ %g/cm?).
Therefore, in the presence of complex macro-
molecules SECL may be broader than that for
simple ions.

Structure of the surface excess
charge layer

Figure 6 (a) shows that in the presence of pos-
itive ions in aqueous drops, SECL undulates
(negative trough followed by a positive peak)
and Fig. 6 (b) that for negative ions there is a
single negative trough. The difference in SECL
in the presence of cations and anions is ex-
plained as follows: We consider the orientation
of the HyO dipoles in pristine droplets as the
reference structure. In a pristine droplet, there
is an excess of hydrogen sites in the droplet
periphery and thus, an excess of oxygen sites
in the immediate (more in the interior) layer
(Fig. 2 (b) and (c)) due to the presence of the
interface. As a result the charge distribution
shows undulation where a negative trough is
followed by a positive peak. The cations en-
hance the presence of the hydrogen sites in the
periphery and thus the undulation in SECL fol-
lows the same pattern as that of the pristine



0mM ——
50 mM ——
100 mM ——

Charge [e]

55 6

Distance [nm]

(b)

Figure 5: (a) Typical snapshot of an aqueous droplets comprised 1JR0%*, 14Na™ ions and 36 pairs
of NaCl. The water molecules are depicted in red, the Na™ ions in violet and the Cl™ ions in green
color. (b) Charge distribution measured from the droplet COM.

droplet. Differently, the presence of a single
anion, as shown in Fig. 2 (c) has a significant
effect in the lowering of the positive peak rela-
tive to that of a pristine aqueous droplet, while
it does not affect the negative trough.

Figure 8 shows that the undulation in SECL
approaches progressively a single trough as the
number of negative ions increases. For one or
two Cl~ ions the undulation is maintained, but
as the number of Cl™ ions increases, the charge
distribution leads to one trough. The lowering
of the positive peak arises from the change in
the orientation of the water molecules.

The solvent polarization charge accompanies
the free charge. The orientation of the water
dipoles is directly related to the polarization
charge. For this reason we examine the dis-
tribution and average value of cos ¢, where ¢ is
the angle between the HyO dipole moment (di-
rected from the oxygen site to the center of the
line that connects the two hydrogen sites) and
the vector that points from the droplet center
of mass (COM) to the oxygen site of a water
molecule. Figure 6 (c) and (d) show the aver-
age value (cos ¢) as a function of distance from
the droplet COM for droplets of different size
and sign of the ion’s charge. The correspond-
ing distributions are shown in Fig. 7 (a) and
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(b) for a droplet of 880H;O molecules includ-
ing 6Na™ ions or 6Cl™ ions, respectively. The
distributions are estimated in spherical shells of
thickness 0.5 A centered at the droplet COM.
The same plots but for a droplet of 3 x 10*
H50 molecules are shown in Fig. S9 in SI. The
combination of Fig. 6 (c)-(d) and Fig. 7 (a)-
(b) show that for the smaller droplets of ~ 830
H50O molecules, there is a solvent polarization
in the interior, while in the larger droplets of
~ 3 x 10* H,0 molecules, the polarization - still
present - is less pronounced. The interior po-
larization arises from the fact that it is likely to
find ions in the interior (Fig. 3). The larger the
droplet, the lower the concentration of the ions,
which explains the less pronounced polarization
in the larger droplets. The polarization charge
for various droplet sizes with Na™ ions is shown
in Fig. S10 in SI. The maxima and minima of
the polarization charge reduce as 1/r where r is
the distance from the droplet COM.3? In SECL
there are changes in the solvent polarization as
indicated by the highlighted regions in Fig. 6.
For droplets with 880 H,O and 6 Na™ ions
there are three characteristic distances from the
droplet COM, which appear in the SECL (see
Fig. 6 (a)). These are: 11.0 & 1.0 A where
the surface excess charge starts to build-up,
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angles are shown on the top of the graphs. (a) 880H,0 - 6 Na™ ions and (b) 880H,0 + 6 Cl~ ions.
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Figure 8: Charge distribution in droplets com-
prised 880H,O molecules and 1-6C1™ ions. (a)
Ions only; (b) Water only; (c) Total (includes
Cl, H, O sites).

at the top of the positive peak. Beyond the
19 A, the density of the water is considerably re-
duced and all the charge is polarization charge.
At these distances, we examine the orientation
of the HyO dipole moment. All the graphs in
Fig. 7 indicate that the angle distributions are
quite broad, thus there is not a dominant an-
gle. At 7 =14 A the preferred cos ¢ values are
in —0.25 < cos¢ < 0.75 (104.5° < ¢ < 41.5°)
and at r = 19 A 0.0 < cos¢ < 0.75 (90° <
¢ < 41.5°). At 7 = 19 A the probability of the
negative cos ¢ values have decreased consider-
ably. In the presence of Na' ions, (cos¢) in
the highlighted region (SECL) of Fig. 6 shows
a small kink. A similar kink is not present in
the droplets with Cl = ions. This difference in
(cos ¢) is associated with the different form of
the surface charge distribution in the ions of
different charge: a single negative trough for
Cl™ ions vs an undulated charge distribution
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for Na™ ions. The angle variations are less pro-
nounced for the larger droplets because of the
lower ion concentration. In the very outer re-
gion of r > 19 A, the angle distribution becomes
sharper. At this distance the HyO are polarized
by the entire droplet charge and not by a spe-
cific ion.

In the excess surface charge region, the num-
ber of hydrogen bonds reduces considerably rel-
ative to the droplet interior. The hydrogen
bond distributions for Na® and Cl~ ions are
shown in Fig. S11 and Fig. S12 in SI, respec-
tively. In droplets with diameter ~ 4 nm the
average number of hydrogen bonds per water
molecule up to a distance 1.2 nm from the
droplet COM is 2.9 while in the larger droplets
up to 5.0 nm is 3.5. In SECL the number of
hydrogen bonds in the smaller droplets reduces
from 2.2 to 1.8 and in the larger droplet from
2.7 to 2.5.

Now we examine the ion charge compensation
by the solvent molecules. It is often assumed
that the charge of the ions is compensated by
the solvent because of its high dielectric con-
stant. This is generally true, but there are cases
that this assumption may not hold.

We computed the radial distribution func-
tion (g(r)) between the Na® ions as shown in
Fig. 9. The Na*-Na™ radial distribution func-
tion shows two significant peaks, at ~ 3.7 A and
~ 6.1 A that correspond to contact ion pairs
(CIP) and solvent separated ion pair (SSIP),
respectively.?” 1% The relative distance of the
ions has an interesting effect on the compensa-
tion of the ion charge by the solvent molecules.
If we have a single Na™ in an aqueous droplet,
we find that the integral of the charge up to
8.0 A compensates the charge of the ion. When
we have 6Na™ ions in a droplet of 880 H,O
molecules, the charge of the single ion is not
compensated by the H,O molecules found in a
radius of 7.0 A around the ion. The charge com-
pensation should also include the other ions.
We attribute the lack of charge compensation
by the solvent to the small droplet size. In the
smaller droplets, two Na™ ions are very likely to
be found at a distance < 1.4 nm, thus having
their two immediate solvation shells interacting.
The effect is less pronounced in larger droplet.
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Figure 9: (a) Radial distribution function (g(r))
of Na* ions in aqueous droplets as a function of
distance r between any pair of ions. (b) Typical
snapshot of a droplet of 880 H,O molecules and
6 Na't ions. Blue-colored HoO molecules are
found at 7 < 6 A from a Na™ center. The thick
red-colored HyO molecules are at 8 A< r <
6 A. The thin red-colored HyO molecules are the
molecules that are not in the immediate vicinity
of the ions. The snapshot shows in the encircled
region the lack of sufficient solvation for charge
compensation around the surface ions.

Charge compensation of the ions by the solvent
may also not occur in ions that are very near the
surface. In smaller droplets where the ion con-
centration is higher, the free charge that is near
the surface may not be coordinated with suffi-
cient number of water molecules to compensate
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its charge as shown in Fig. 9 (b). Our finding
is also supported by the low dielectric constant
of water detected under confinement. 102103

Conclusions

The surface excess charge of droplets has raised
much discussion in the field of native mass spec-
trometry since the seminal works of Iribarne
and Thomson !¢ and possibly earlier. Here for
the first time we dissected the droplet structure
and we identified two important layers: the sur-
face excess charge layer (SECL) and the maxi-
mum ion concentration region (MICR).

Using molecular simulations we have found
that in the presence of simple ions the surface
charge is found in an outer layer of thickness
1.5 nm-1.7 nm. The thickness is invariant not
only with respect to droplet size but also with
respect to the nature of the simple ions and
the fine details of different force fields. In the
presence of macroions the SECL may extend to
2.0 nm. The proportion of ions (free charge) in
SECL depends on the nature of the ion and
the droplet size. For the same droplet size,
[" and model hydronium ions show consider-
ably higher concentration than the Na® and
Cl™ ions. In liquid droplets SECL is strongly
affected by shape fluctuations, and it does not
have the highest ion concentration. Using the
decay length (Apg) of the ion distribution that
arises from the non-linear Poisson-Boltzmann
equation, we were able to identify the maximum
ion concentration region (MICR). This region
partially overlaps with SECL.

We showed that the structure of SECL
changes with droplet size and sign of the ion’s
charge. The positive ions create an undulated
charge distribution (like the one for pure wa-
ter) while the negative ions at very low con-
centration exhibit an undulated charge distri-
bution that progressively changes to a single
trough when the ion concentration increases.
The larger the droplet the lower the concentra-
tion of ions in SECL, thus the less pronounced is
the effect of solvent polarization because of the
presence of ions. In larger droplets the num-
ber of hydrogen bonds per molecule is main-



tained high even in the surface excess charge
region. The relative larger shape fluctuations
in the smaller droplets and the larger surface
to volume ratio reduce the number of hydrogen
bonds in comparison to the larger droplets. The
structure of SECL in smaller droplets indicate
that emission of ions from smaller droplets is
more facile relative to larger droplets.

We re-examine the relation of MICR-SECL
with the bi-layer model in the equilibrium par-
tition model (EPM) of C. Enke. EPM focuses
on SECL because the model uses the analogy
with the structure of a solution double layer
that appears next to a charged surface. For
droplets with radius < 10 nm?3? we propose that
the distinct region of the droplet may be ex-
tended by Apg in order to include MICR. We
have found that Apg increases from 1.0 nm to
1.35 nm at T = 350 K for a droplet radius from
5.3 nm (2 x 10° HyO molecules) to ~ 10 nm,
respectively. In tiny droplets of approximately
103 HyO molecules MICR is extended to almost
the entire droplet. The combination of MICR
and SECL may create a droplet layer of ap-
proximate thickness of 3.0 nm that is charac-
terized by highest ion concentration, it is sub-
ject to shape fluctuations and especially in the
smaller droplets the solvent polarization leads
to large variations in the number of hydrogen
bonds from the droplet interior to its surface.
In a previous article,?! we have found the radial
distribution of a charged polyhistidine of vari-
ous charge states in an charged aqueous droplet.
Comparison of the radial distribution of a poly-
histidine with the combined SECL-MICR width
reported here suggests that proteins may access
MICR, at least in droplets with dimensions of
several nanometers in diameter. Consequently
part of a protein, or of a macromolecule in the
more general case, can be exposed to a higher
concentration of free ions and differently ori-
ented solvent, which may affect its charge state.

IEM and the EPM give emphasis on different
aspects of the droplet chemistry that may ex-
plain the abundances in the mass spectra. The
former focuses on the kinetics of ion evapora-
tion and the latter on the equilibrium structure
of the droplet. At a first glance IEM and EPM
may appear disjoint mechanisms. However, it is

~
~
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possible to combine them, by using the concen-
tration of ions in SECL as input in the kinetic
equation of IEM. We remind that the model
in IEM of Iribarne and Thomson considers the
total number of ions in the droplet. Fluctua-
tions may create the electric field for ion emis-
sion and may lead to ion release much below
the Rayleigh limit. The smaller the droplet,
the larger the relative shape fluctuations, the
more likely the ion to escape much before the
Rayleigh limit. The inclusion of shape fluctua-
tions and thus, the fluctuations in the electric
field would provide missing components in [EM.
In atmospheric aerosols where the droplets are
charged much below the Rayleigh limit, the
IEM will be the mechanism to be followed for
droplet disintegration.

In continuum models for electrosprayed
droplet it has been often assumed that the
ionic charge is compensated by the solvent.!6
We have found that this may not be the case
in smaller droplets with diameter < 4 nm and
high concentration of ions. In this case the ion
charge is not compensated only by the solvent
polarization charge but by the total charge that
includes both solvent and other ions. Thus,
there are correlations in the locations of the
ions and for this reason we cannot assume that
the energy of the single ion is not affected by the
presence of the others as it has been assumed in
variations of the IEM model.'% In droplets with
diameter > 4 nm the assumption of the energy
independence of the single ion should be also
tested because of high ion concentration due to
counterions and multiply charged macroions.

In terms of computational methodology, we
presented an extensive discussion in the “Mod-
els and Simulation Methods” section that sup-
ports that the preferred simulation set-up for
the computation of droplet equilibrium proper-
ties is the enclosure of the droplet in a spher-
ical cavity where it is in equilibrium with its
vapor. The canonical ensemble is preferred to
the microcanonical because known weaknesses
of the microcanonical molecular dynamics pre-
vent the performance of long trajectories, which
are necessary to generate converging ion distri-
butions. Constant energy MD runs should be
used in the efficient study of fragmentation dy-



namics of charged droplets in combination with
free energy surfaces along collective reaction co-
ordinates. %

The next step in this study is to examine the
concentration of a mixture of ions in the surface
excess charge layer. The abundance of the ions
in the surface excess charge region may change
as a function of their overall percentage ratio in
the droplet. Moreover, the emission of ions will
change the droplet composition, thus there may
be a redistribution of ions in the outer shell. It
is also to be examined in future work whether
the preference for the release of certain types
of ions is determined by the composition of the
surface excess charge layer in combination with
the shape fluctuations. The effect of the na-
ture of the solvent in the ion distribution and
the role of the quadrupole moment in the po-
larization charge are also questions to be inves-
tigated.

Supplementary Material

See supplementary material of (a) force field pa-
rameters, (b) radial charge distribution profiles,
(¢) dipole angle distribution profiles and (d) Hy-
drogen bond profiles.
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