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Like-Charge Anion Pairing as a Mechanism for lon Co-Localization
in Charged Aqueous Droplets’

Han Nguyen,” Styliani Consta,*¢

Aqueous droplets serve as microreactors for chemical reactions in atmospheric and laboratory-
generated aerosols. These droplets frequently carry excess charge, ranging from a small fraction of the
Rayleigh limit to nearly the maximum charge sustainable before spontaneous fission. The effect of the
droplet charge on chemical reactivity remains insufficiently understood. Here we identify like-charge
contact ion-pairing of OH™ ions as a mechanism for transient co-localization of pre-reactive species.
Using molecular dynamics simulations of charged water nanodroplets containing multiple OH™ ions,
we quantify the equilibrium constant, lifetime, and formation rate of contact ion pairs, with CI~ and
Na* ions included for comparison. We find that OH™ and CI™ exhibit a significantly higher propensity
to form contact ion-pairs than Na¥ ions. Hydroxide contact ion-pairs are stabilized by hydrogen-
bonded water bridges forming transient [OH™ (H,0),0H™] structures (n = 1—3) with lifetimes of
~ 18 ps. These configurations are enriched in the droplet subsurface region, where ion density is
elevated and water self-diffusion is up to twofold faster than in the bulk-like interior. Although
diffusion enhancement alone does not account for reported rate accelerations in droplets, it increases
ion—ion encounter frequencies in regions where pairing is most probable. We suggest that rather than
directly producing radicals, these contact ion pairs act as transient, pre-reactive configurations that
locally concentrate charge and restructure the hydrogen-bond network facilitating proton-transfer
events within the hydrogen-bonded bridges and lowering barriers for electron detachment due to the

presence of nearby charges.

1 Introduction

Aqueous droplets provide confined environments in which chem-
ical processes can differ significantly from those in bulk solution.
In particular, enhanced reaction rates 2 and altered product dis-
tributions®Z have been widely reported in microdroplet exper-
iments across diverse systems. Despite extensive investigation,
the molecular-level origins of these differences remain under ac-
tive debate. Several mechanisms have been proposed, including
interfacial effects, enhanced reactant confinement, strong electric
fields, and modified solvation environmentsH28HII

Here we show that contact ion-pairing of OH™ and Cl~ ions
provides a general mechanism for pre-reactive co-localization in
charged aqueous droplets. One experimentally important exam-
ple where pre-reactive co-localization may be relevant is the re-
ported formation of H,O, in microdroplets. The mechanism of
H,0, formation has been the subject of considerable debate in
recent years>"Z100213 byt it remains unresolved. If H,O, for-
mation takes place via hydroxyl radicals, the formation requires
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not only the generation of hydroxyl radical intermediates, but
also the effective detachment of the electron to avoid rapid re-
combination with the radical’™ and finally the encounter of the
hydroxyl radicals. Because of both the high reactivity of the rad-
icals and the rarity of their formation, such encounters are un-
likely unless precursor species are transiently co-localized. In
the mechanism proposed by Colussil2 co-localization has been
implicitly considered for H;O* and OH™ species upon collision
of droplets that carry excess H;O" ions with those with excess
OH™ ions. Here we suggest that like-charge contact ion pair-
ing of OH™ provides an alternative and more general route to
pre-reactive organization. Importantly, these OH™-OH~ contact
ion-pairs are not assumed to undergo direct chemical transfor-
mation. Rather, they act as transient, correlated configurations
that locally concentrate charge and reorganize the surrounding
hydrogen-bond network. This co-localization may facilitate sub-
sequent multi-body processes, such as interactions with charge
carriers, interfacial electric-field fluctuations, lowering of ioniza-
tion energy because of the presence of a neighboring negative
charge or proton-transfer events, which may ultimately lead to
the formation of reactive intermediates.

We study aqueous droplets primarily charged with OH™ ions,
while C1~ and Na* ions are included for comparison. We exam-
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ine the equilibrium constant between the contact ion-pair (CIP)
and the “free” ions, the lifetime, and rate of formation of CIPs as
well as the diffusion of the hydrated OH™ and the self-diffusion
coefficient of water using "classical" molecular dynamics methods.
The diffusion of OH™ in aqueous solution proceeds through both
vehicular and structural transport mechanisms12%Z, The struc-
tural diffusion occurs via proton transfer following the Grotthuss
mechanism''®. Here, we perform simulations that do not allow
the breaking of chemical bonds, therefore, we only consider the
vehicular diffusion. To our knowledge, this is the first study to
quantify like-charge contact ion-pairing in multi-ion droplets and
connects it to spatially heterogeneous diffusion and encounter ki-
netics.

While the solvation structure of individual alkali, halide,
and hydroxide ions in bulk water has been extensively stud-
ied12722 significantly fewer studies have examined the contact
and solvent-separated ion-pairing of like-charged ions in confined
or interfacial environments=2%3L, Existing work has largely fo-
cused on isolated ion pairs, leaving open the question of how
such interactions manifest in multi-ion, nanoscale droplets.

In addition to the thermodynamic stability of contact ion-pairs,
the rate at which ions encounter each other is governed by molec-
ular diffusion. While the self-diffusion coefficient of H,O in bulk
solution has been extensively characterized®2"41 corresponding
studies in droplets, where diffusion is expected to vary spatially,
are still limited. Quantifying this position-dependent diffusion
is essential for understanding structural diffusion for OH™ and
H,0" ions and their effect in ion-ion encounter frequencies un-
der nanoconfinement.

Although many experiments involve nearly neutral micro-
droplets?, droplets can also carry substantial net charge depend-
ing on their method of preparation. A droplet can sustain only
a finite amount of net charge before spontaneous division, de-
termined by the balance between surface tension, which stabi-
lizes the spherical shape of the droplet, and electrostatic repulsion
among like charges, which promotes droplet fragmentation. The
maximum charge a droplet can hold is reached at the Rayleigh
limit, where these forces exactly counterbalance one another. The
proximity of a charged droplet to the Rayleigh limit is commonly
expressed by the fissility parameter X given by

Q2

=—7, 1
64m2yegRy’ W

where Q is the total droplet charge, y is the surface tension, &
is the vacuum permittivity, and R, is the droplet radius. The
Rayleigh limit is at X = 1. In this work, we examine droplets
both near and well below this limit in order to (i) characterize
ion spatial distributions as a function of charge density, a study
that has not been performed thus far, and (ii) determine whether
like-charge ion encounters remain frequent even at lower charge
states.

2 Systems and simulation methods

Molecular Dynamics (MD) simulations of aqueous charged
droplets were conducted by utilizing the Nanoscale Molecular
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Dynamics (NAMD) ver. 2.14 software? and visualized by Visual
Molecular Dynamics#3' (VMD) ver. 1.9.4. The composition of the
systems and relevant physical parameters are shown in Table

In droplets charged with Na*t or Cl~ ions the water molecules
were modeled by the TIP4P/2005 (transferable intermolecular
potential with four points/2005) model4® combined with the
ion parameters from OPLS (Optimized Potentials for Liquid Sim-
ulations)42*>1  Jon-oxygen parameters were calculated by the
Lorentz-Berthelot rules.

In droplets charged with OH™ the H,O molecules were mod-
eled by the TIP3P-CHARMM model>2 and the OH™ using the pa-
rameters reported by |Jorgensen et al.[>3. Force field parameters
for OH™ are summarized in Table S1 in Supplementary Informa-
tion (SI). Despite the simplicity of the model®? used here, it re-
produces hypercoordinated solvation structure22/22i23126054155 of
OH~ with 4.2 closest oxygen sites of H,O at a distance of 2.55 A
(maximum of the O (OH™)-O (H,0) radial distribution function)
and two oxygen sites of H,O molecules further away up to a dis-
tance of 3.05 A as indicated by the radial distribution function of
the systems that we calculated.

The Rayleigh charge (Qr) was estimated by setting X =1 in
Eq.[l} The number of ions in the studied droplets varied between
Or to a smaller amount that corresponds to X ~ 0.3, and X ~ 0.5.
Pristine aqueous droplets were used as reference systems.

The initial configurations for the charged droplets were pre-
pared using well-equilibrated pristine droplet configurations after
300 ns of equilibration time at 7 = 300 K, by randomly replacing
H,O molecules with the ions. Extensive simulations with pro-
duction time near to microsecond for sodiated and chlorinated
droplets were also performed at 7 = 200 K in order to compare
the room temperature H,O orientation with that in the heteroge-
neous environment of a supercooled droplet4443l

The equilibrium MD simulations of droplets were performed in
the canonical ensemble by placing the droplet at the center of a
spherical cavity where the spherical boundary condition was ap-
plied. The center of mass (COM) of the droplet was restrained at
the center of a spherical cavity. The restraint of the COM was ap-
plied by using the collective variables module, COLVARS®®. The
cavity radius was 10 A larger than the droplet’s R, when X is ap-
proximately less than 0.4 and three times the droplet radius for
droplets with X = 1. This cavity size ensures that the development
of droplet’s shape fluctuations are not suppressed by the spherical
walls. Direct electrostatics was implemented with a cutoff equal
to the diameter of the cavity.

Newton’s equation of motion for each atomic site was inte-
grated using the velocity Verlet>Z algorithm with a time step of
2 fs. Temperature was maintained at 300 K using the Langevin
thermostat applied to all oxygen sites and ions with a damping
coefficient of 1 ps. The duration of the production runs were in
the range of 150-200 ns at 7 = 300 K, while at 7 = 200 K the
production run for Ny,o =~ 10* was 0.86 us, and for Ny, =~ 10*
0.4 us.

To examine the H,O dynamics by computing the diffusion coef-
ficient, microcanonical ensemble (NVE, where N is the number of
molecules, V the volume, and E the total energy) simulations of
droplets containing = 10* H,0 molecules and 33 Na* or 33 Cl~
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NHZO R, [nm] | R, [nm] Ok [e] Nnat s Onat [M] Ney-5 Cor- [M] Nown-; Con- [M] X
1.0 x 10° 1.93 0.95 10.4; 9.1* 2,8;0.11,0.44 | 2,8;0.11,0.44 | 2,8;0.11,0.44 | 0.59
1.0 x 10* 4.15 3.2 32.9;27.6" | 19,33;0.11,0.18 33;0.18 18, 33; 0.10,0.18 | 1.0
1.5% 10* 4.75 3.7 40.2 38;0.14 38;0.14 - 0.89
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Table 1 Droplet composition and relevant physical parameters at 7 =300 K. The first column presents the approximate number of H,O molecules

(Nn,0) in the droplet, the second column the droplet’s equimolar radius (R

). the third column the radius of the bulk-like region (R,) computed as

in our previous work4443 the fourth column the Rayleigh charge (Qr) of a droplet estimated at X = 1 using Eq. 1 in the main text where radius
R =R, and surface tension equals to 69.3 mN/m for the TIP4P/2005 model® and 48.8 mN/m for the TIP3P-CHARMM model*Z. The Qr values
with the asterisk refer to the TIP3P-CHARMM model. The fifth to seventh column present the number of ions (Ny,+, No-, Noy-. respectively) and
the corresponding uniform concentration in a spherical droplet estimated by dividing the number of ions with the droplet volume. The eighth column
shows the X value for the maximum number of ions simulated in the droplet sizes reported in the first column by the TIP4P/2005 model.

ions were performed in the temperature range of 270-300 K. The
vehicular diffusion coefficient of OH™ was computed in droplets
composed of ~ 10* H,O molecules and 18 OH™ ions. In the
NVE simulations, the setup was the same as that for the NVT
ensemble, but the Langevin damping coefficient was reduced to
0.01 ps~ 1.

2.1 Umbrella sampling simulations

The potential of mean force (PMF) along the interionic distance
(&) between two ions of the same sign was computed for 2Na™,
2Cl~, 20H" ions in a droplet of Ny,0 ~ 103 at 300 K using um-
brella sampling®® (US). For OH~ the PMF was also computed in
a bulk solution which was simulated with periodic boundary con-
ditions (PBC).

The interionic distance, &, in the range of 3-10 A was sepa-
rated in windows of width of 0.2 A. The last configurations of
equilibrium simulations of a pair of Na* or CI~ or OH™ ions in
Ni,0 ~ 103 constituted the initial configuration for steered MD=2.
Steered MD generated the “seeds” for each window of US simu-
lations. The length of the sampling in each window was 20 ns.
The steering force constant of 5 kcal/mol-A2 was applied to pull
two ions from their initial position to their target location at con-
stant velocity. Sampling windows were spaced uniformly at 0.2 A
with a biasing potential of 50 kcal/mol. These parameters were
selected to ensure sufficient overlap between adjacent windows.

The US simulations for Na* or Cl~ were performed in
the TIP4P/2005 H,O model with ion parameters taken from
OPLS#2>0 with a timestep of 2 fs. The PMF of a pair of OH™
was computed with two force fields: (a) TIP3P-CHARMM with
OH~ parameters from Ref. >3l and (b) scaled charge 60 OH- in
TIP4P/2005 model (parameters are presented in Table S1 in SI).
The use of different water and OH™ models reflects the avail-
ability of validated parameterizations for the respective ions and
allows consistency with previous studies of hydroxide solvation.
Both models for OH™ were applied in a droplet and bulk system.
In the bulk simulations a simulation cubic cell with dimension
32 A was prepared containing Nu,0 =~ 103 molecules and two pairs
of NaOH. Periodic boundary conditions were applied in the three
dimensions and the electrostatic forces were treated with parti-
cle mesh Ewald. The sampled distributions of different windows
were converted into the PMF profile using the weighted histogram
analysis method 61l (WHAM). The implementation of the WHAM
code developed by Grossfield®? iteratively reconstructed the un-

Fig. 1 Typical snapshot of a droplet composed of Ny,0 ~ 10° and Ny, + =
8 ions, where for clarity only the oxygen sites of the H,O molecules
are shown. In the snapshot, differently colored spherical regions4 are
shown at certain distance from the droplet’s center of mass (COM).
The interior orange-colored sphere from the droplet’s COM to a distance
r =Ry, displays the bulk-like region. The green region at R, <r <R, is
the subsurface region, and the grey region at R, < r <R, is the surface
region.

biased PMF from the sampling results of individual windows.

3 Results and Discussion

3.1 Droplet structure and ion distributions

Molecular dynamics simulations of droplets composed of Ny,0 ~
103 — 1.5 x 10* charged with OH~, Cl~ or Na* ions were per-
formed. The simulated systems spanned fissility parameters from
X = 0.3 to X ~ 1. In this section we present the radial probability
densities of OH™, C1~ and Na* ions.

Figure [1| shows a typical snapshot of a droplet where the bulk-
like interior (0 < r < R;, where r is the distance from the droplet’s
COM), sub-surface (R, < r < R,), and surface (R, < r < R,) re-
gions have been marked. The method for determining the Ry,
R, which is the outer radius of the subsurface determined by
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using the Voronoi volume of the molecules, and R., which is
the equimolar radius were described in our previous work#,
The interior region, 0 < r < Ry, is characterized by bulk density
and structure®3 the sub-surface region by high ion density©#>!
lower mass density, lower number of H-bonds per molecule®!,
and enhanced diffusion that we will discuss in detail later. The
surface region is characterized by high level of inhomogeneity
due to shape fluctuations, more disrupted H-bonded network®!
than the subsurface, more enhanced diffusion than the subsur-
face, and strong orientation of the H,O molecules due to the
presence of the vapor-liquid interface and the proximity of the
ions to the interface©400,

v Bo Re R Rp Re Re
1.00:* 7 ~ (a) E
t 3 --=- 10°H,0 , E
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Fig. 2 (a) Water density (p) as a function of distance (r) from the
droplet’s center of mass (COM) at 300 K when the droplet has charge
near the Rayleigh limit. Dashed, dash-dotted, and solid lines represent
droplet composed of Ny o = 103, ~ 10%, and =~ 1.5 x 10%, respectively.
(b) Na%t ion radial distribution profiles for Ny,+ = 2,8 in Nu,0 ~ 10%,
Nyg+ = 19,33 in Nig,0 = 10*, and Ny,+ =38 in Nu,0 ~ 1.5 x 10*. (c) Same
as (b) but for CI~. (d) Same as (b) but for 2, 8, 18, 33 OH™ ions. The
shaded area indicates the error bars. Error bars were computed following
the standard error of the mean, 6/\/1171 with M blocks. Each block was
~ 20 ns long. Configurations were sampled every 5 ps.

Figure 2| (a) shows the H,O radial density profiles of droplets
containing Na* or ClI~ or OH™ ions as a function of the distance
from the droplet’s center of mass (COM) at 300 K. Fig. 2| (b) and
Fig. 2| (c) show the Na* and Cl~ ion radial distributions (the pro-
files have been divided by the volume element 47r2dr), respec-
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tively, using the TIP4P/2005 H,O model with OPLS ion parame-
ters. Fig.[2| (d) shows the ion radial distribution for OH™ ions us-
ing TIP3P-CHARMM H, 0 model®2 and OH~ parameters reported
by Jorgensen et al]>. Here we compare the OH™ distributions
with those of Nat and Cl~ using different force fields. We can
make this comparison because the droplet is a conductor, there-
fore it is expected that the ions will transfer to the surface. In our
previous work we showed that for multiple ions the usage of a po-
larizable force field for Na* and Cl~ led to insignificant changes
in the ion distribution® relative to a non-polarizable force field.

When only two ions are present in a droplet composed of
Ny,o0 =~ 103, regardless of the ion type, the ions are uniformly dis-
tributed throughout the droplet’s volume. For Na* and Cl~ ions
at X ~ 1 and =~ 0.33 the maximum of the ion radial distribution
lies at the subsurface region and the distribution decays exponen-
tially toward the droplet’s center as we have discussed in previ-
ous works®H0367, - A noticeable difference is that in Noy- = 18
the OH™ ions are deeper below the droplet boundary defined by
R, than the Na™ and Cl~ ions and they are more uniformly dis-
tributed within the droplet at r < R, than the Na* and Cl~ ions.
In order to examine the OH~ location further, the ion distribution
was also computed for Noy- = 33 in Ny,0 = 10*, where the sys-
tem is above the Rayleigh limit (X > 1). The charged droplets at
X > 1 readily fragment by emitting clusters of solvated OH™ ions.
We prevented fragmentation by enclosing the droplet in a spheri-
cal cavity with a radius 5 A larger than R,. We find that similarly
to the Ny~ = 18 case, the ions are more uniformly distributed
throughout the droplet relative to Nat and Cl~ ions, without a
significant maximum in the subsurface region. Differently from
the Na* and Cl~ ions the OH~ deviation from the exponential
decay towards the interior is larger. The droplets with Ny~ = 33
appear to have more ions near R, because of the larger shape
fluctuations due to the higher charge. In reality the ions have the
same depth from the surface.

The observation of the deeper location of the OH™ from the
interface is supported by the results of Jungwirth et al.®8 who
demonstrated that the OH™ ions experience a weak interfacial
repulsion by using data from both synchrotron photoelectron
spectroscopy experiments and MD simulations with a polarizable
force field. Even though the present simulations used a non-
polarizable hydroxide model in TIP3P-CHARMM, the repulsion
of the OH™ from the surface is captured in the ion distribution
when compared with the Cl~ and Na* ion distribution. While
on the average the OH™ ions are found two to three H,O layers
below the surface, we also identified fluctuations where the OH™
are part of the outer surface layer. As we showed in previous re-
search®®® for Na* and Cl~ ions using polarizable model and OPLS
parameters in droplets, when the ions are near the surface they
still maintain on the average their first solvation shell with only a
minute reduction relative to the fully solvated ion. Reduction in
the solvation appears in the second solvation shell. Differently,
when a OH~ ion is closest to the surface due to position and
shape fluctuations, the oxygen site lies toward the droplet inte-
rior where it is well solvated while the H site points toward the
vacuo without other H,O molecules H-bonded with it.

Additional analysis of the droplet’s shape fluctuations that pro-
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vide insight into the ion location and of the orientation of the
H,0 molecules1©4%3 are presented in Sec. S2 and Sec. S3 in SI.
Although these fluctuations do not directly determine contact ion-
pairing that we discuss in the next section, they may contribute to
the heterogeneity of the interfacial region where ion correlations
are most pronounced.

3.2 Like-charge contact ion-pairing

Here we examine the likelihood of contact ion-pairing=209-71l pe-
tween two ions of the same sign in droplets. First we examine
the potential of mean force (PMF) of a like-charge single pair and
then radial distribution function (RDF) of multiple ions of the
same sign. The focus of the discussion is on the OH™ contact ion-
pairing, while Na* and Cl~ pairing are used for comparison with

OH"™.

L —e— 300K droplet i
F -+ 300K bulk 1
4 _
33F .
2°[ ]
E I ]
= [ ]
o
57 4
o2 7
g, 4
1+ ]
) P B B S B e B

10
Eor—on (A)

Fig. 3 Potential of mean force (PMF) as a function of the oxygen-
oxygen interionic distance, {pp-_op-, computed by umbrella sampling
in a droplet composed of Nu,0 » 103 and a single pair of OH™ ions
and in bulk solution at 300 K. The TIP3P-CHARMM water model with
OH™ parameters from Ref.5% is used. The shaded areas indicate error
bars, calculated using the standard error of the mean. In the typical
snapshots the oxygen site of the OH™ is colored blue. The snapshot at
Eon-—on- ~ 4.0 A shows a H,O molecule bridging OH™-OH™~ CIP, and
at €y _on- ~ 6.4 A shows a OH™-OH™ configuration with a few water
molecules along the O-O interionic distance.

3.2.0.1 Single ion pair in a droplet The PMFs for two OH™
in droplet and bulk solution using the TIP3P-CHARMM force
field are shown in Fig. The PMFs show a shallow mini-
mum at &y _on = 4.0 A that corresponds to the CIP struc-
ture [OH™ (H,0),OH~] where n = 1,2 and rarely 3. The n H,0
molecules form H-bonded bridges with the two oxygens of the
OH™ pair. A H,O bridge between two molecules is defined if this
H, O molecule has simultaneously H-bonds with the two OH™ ion.
In the H-bond the 0-O distance is taken to be < 3.5 A and the
OHO angle greater than 150°. A typical snapshot of the bridged
structure is shown in Fig. [3] In other works, density functional
theory geometric optimization identifies the bridging to have the
lowest energy structure despite the total charge —2 of the sys-
tem®>. This metastable [OH (H,0),OH~] structure has predom-
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inantly been found in low hydration environment>2. In models
that allow for electronic polarization the CIP H,O bridged struc-
tures have the potential to reduce direct electrostatic repulsion by
distributing the charge through the hydrogen-bond network. We
explore this direction with ab initio molecular dynamics (AIMD)
calculations in future work.

In Fig. [3| a second broad shallow minimum at £y _op- ~
6.0— 6.4 A is also found. The two minima are separated by a
free energy barrier of ~ 2.0 kcal/mol. A typical snapshot of the
pair structure that corresponds to the second minimum is shown
in Fig. The second minimum is followed by an insignificant
barrier that leads to the free ions that undergo relative diffusive
motionZ2, Since all the free barriers along Epy-_op- are low
with the highest one being the first barrier, we define a two-state
process, where the two states are the CIP (right hand-side) and
the “free” (left hand-side) OH™ configurations in the following
reaction

20H" (aq) % [OH™ (H,0),0H " (aq) @

b

where n =1 -3, k; denotes the forward and k; the back rate con-
stant. Because of the presence of negligible free energy barriers
beyond the first barrier, we consider that the rate of formation of
the CIP depends on the relative diffusion of the OH™ ions. The
encounter rate of the OH™ to form the CIP is discussed in the next
section.

Figure [3|shows that the bulk and droplet PMFs along Epp- _on-
coincide. The similarity between the droplet and bulk PMFs is
explained by the OH™ ion location in the droplet. As shown in
Fig.|2|(d) in droplets composed of Ny,0 ~ 103 and a single pair of
OH™, the two ions are uniformly distributed in the subsurface and
bulk-like interior. Probability density profiles of the distance of
each OH~ from the droplet’s COM when they are in the CIP form
(Fig. S5 in SI) show that often the CIP forms near R, therefore
the environment of the OH™ on the average is similar to that of
the bulk solution.

It has been established in many studies that the form of a PMF
strongly depends on the force field42. In order to test the reliabil-
ity of the higher propensity of CIP formation between 20H™, the
PMF was also computed with the scaled charge force field (see
methodology section). The PMFs with this force field are shown
in Fig. S6 in SI. The scaled charge force field yields a more re-
pulsive PMF than the TIP3P-CHARMM force field. While absolute
PMF depths vary, the presence of a metastable CIP minimum per-
sists across models. Moreover, both models show that the CIP
is stabilized via H-bonds formed with H,O molecules bridges in
similar structures.

Now we compare the PMF of OH~ with that of CI~ and Na™*.
Figureshows the potential of mean force (PMF) as a function of
the Na*-Na™ and Cl~-Cl~ interionic distance, &, within a droplet
composed of Ny,0 ~ 103 and a single pair of Na* or Cl~ ions.

It is found that the PMFs for these systems are overall re-
pulsive, with a shallow minimum when the ions are found at
Ecrcr =~ 5.1 A for the Cl~ pair and &Ey,_n, ~4.0—4.5 A for the
Na't pair. The PMF of Cl~ shows a more distinct short distance
minimum than the Na™ ions. This shallow minimum is separated
by a low barrier from a broad low-lying free energy basin. Dur-
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Fig. 4 Potential of mean force (PMF) as a function of the interionic
distance, &Ev,—na, computed by umbrella sampling in a droplet composed
of Nu,0 ~ 10% and a single pair of Nat ions at 300 K. The snapshots
show the H,O molecules surrounding the Nat ions (red-coloured spheres)
within 3.5 A from the COM of the pair. The inset shows the PMF as a
function of the CI™-Cl™ interionic distance in the same system as in the
main graph but with a single pair of ClI™ ions, computed in the same way
as for Nat-Nat. The axes have the same meaning and units as in the
main graph.

ing the simulations, the two Cl~ are in the majority of the time
in the droplet bulk-like interior, therefore, the environment that
they experience is on the average bulk-like. These PMFs are in
agreement with the PMFs of the same ions computed by other
authors in bulk solution©271,

We cannot directly compare the PMFs for CI~ and OH™ ions
because of the different force fields used. However, these differ-
ent force fields consistently show a higher propensity for C1~ and
OH~ contact ion-pairing than for the Na* ions. The stronger con-
tact ion-pairing propensity of anions reflects their lower charge
density and the directional hydrogen-bonding network that facil-
itates solvent-bridged configurations that stabilize the CIP, partic-
ularly for OH™.

It is important to note that hydroxide ions exhibit complex
dynamics involving proton transferlZ and charge delocalization,
which are not captured by molecular mechanics force fields as
those we use here. While AIMD can in principle describe these
effects, their predictions may depend sensitively on the treatment
of electronic structure and the relative timescales of ion approach,
CIP lifetime, and solvent reorganization. In this context, the
present simulations provide a complementary perspective by sam-
pling long-time statistical behavior and ion encounter frequen-
cies. Therefore, the ion-pair configurations identified here should
be interpreted as transient, hydrogen-bond-mediated correlations
whose thermodynamic stability may differ under more sophisti-
cated models, while their role in enhancing ion co-localization is
expected to remain qualitatively valid.

Based on experimental data of polarization-resolved femtosec-
ond vibrational spectroscopy and terahertz time-domain dielec-
tric relaxation measurements, the vibrational and orientational
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dynamics of water molecules outside the first hydration shell of
OH™ have been found to take place at 2.5+ 0.2 ps as in pure
H,O in a bulk solution”?. This suggests that a single OH~ does
not have a long-range effect on the hydrogen-bonded network of
liquid waterZs, However, this may not be the case around the
OH™-OH~ pair because of the higher amount of charge accumu-
lated in a short region. This is a topic we explore in future work
using AIMD.

3.2.0.2 Pairing in droplets with multiple ions Figure [5| (a)
shows the radial distribution function (RDF) between Na* ions,
and the inset between Cl~ ions in droplets with multiple ion.
The Na™ ions show negligible preference for CIP formation! in
contrast to Cl~ and OH™ (Fig. |5| (b)) where the CIP pairing is
pronounced. The inset of Fig. [5| (b) shows a typical snapshot of
OH™-OH~ CIP surrounded by strongly oriented H,O molecules.
Similarly to the study of the single pair, due to the difference
in the force fields we cannot directly compare the propensity of
ion pairing between the Cl~ and OH™ ions. However, the higher
propensity of contact ion-pairing for two different types of anions,
Cl~ and OH™, using different force fields relative to Na* ions in-
dicates that their preference for pairing arises from fundamental
effects that do not have a strong force-field dependence.

Figure [5| (¢) shows a histogram of the raw data (not divided
by 4rr2dr) of the distance of the COM of the OH™ pairs with in-
terionic distance < 4.9 A from the droplet’s COM. The histogram
shows higher probability of the contact ion-pairing in the subsur-
face region and near R;,, which is consistent with the probability
distribution of OH~ in Fig. [2] (¢).

In the analysis that follows we focus on the OH™. In the
formation of the CIP the hypercoordinated OH~ plays a key
role20122123126154155  within the approximations of the molecular
mechanics force field that we use here, each OH™ is surrounded
by four strongly oriented H,O molecules where each acts as a
donor of a single hydrogen, while the other hydrogen site points
outward towards other H,O molecules.

The distinct environment of the subsurface region leads to a
variation of the dielectric constant relative to the bulk interior.
It is expected that the static dielectric will be lowerZ# than that
of the bulk solution due to the reduction in the number of H-
bonds®Y. Even though the lower dielectric constant may imply
stronger repulsion between the ions, the reduced number of H-
bonds may facilitate the stabilization of the CIP.

When the two OH~™ ions approach interionic distance
Eon-—on- = 4.0 A metastable structures [OH™ (H,0),0H"]
where n = 1,2 and rarely 3 are formed. Rarely, longer bridges
of 2 H-bonded H,O molecules may be also formed. We found
that the H site of the OH™ does not form H-bonds with the H,O
molecules and that when OH™ lies near the surface, the H site
points toward the vacuo. We monitored the bridged configura-
tions to compute the equilibrium constant of the process shown
in Eq. 2, the lifetime of the CIP, and the kinetics of the process.

3.2.0.3 Equilibrium constant For every OH~ pair we
recorded the number of H,O bridges, zero to three over all the
configurations in the MD trajectory. By assuming a Markov pro-
cess, we found the eigenvalues of the 4 x 4 transition probability
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matrix of H,O bridge formation. The unit eigenvalue corresponds
to the equilibrium distribution of the number of bridges per pair.
We found that this distribution follows closely a Poisson distribu-
tion. To validate the Markov process assumption we also exam-
ined the distribution of the bridges per pair directly from the MD
trajectory that also showed a Poisson distribution. The expecta-
tion value of the first moment of the Poisson distribution yields
A =0.0189 £ 0.0002 per pair and per configuration for a droplet
composed of Ny, &~ 103-Ngy- =8, and 4 = (12.2+0.33) x 1074
for Ny,0 ~ 10*-Nyy- = 18. These values multiplied by the number
of pairs yield probability 0.5 and 0.2, respectively, to encounter a
pair among the saved configurations of the MD trajectory.

The equilibrium constant of the reaction in Eq. 2 was estimated
by

ANV

(1=1)?
where N, is Avogadro’s number and V the droplet’s volume. The
estimates of K.q are found to be (0.3540.1) L/mol for Nu,0 ~ 103-
Nog- =8 and (0.22+0.1) L/mol for Ny,0 ~ 104—NOH =18. The
difference in the values is attributed to the inhomogeneity of the
droplet environment.

Keq = 3

3.2.0.4 Lifetime of the CIP We computed the lifetime of the
H,0 bridged structures for a droplet composed of Ny,0 ~ 103-
Nog- = 8 and Ny,0 =~ 104‘N01-r = 18 in the following way. The
eigenvalues, A; (k=0—3) of the transition probability matrix for
Nu,0 ~ 103-Ngy- = 8 are 1, 0.78409, 0.0499, and 0.00682 and
for for Ny,o ~ 10*-Ngy- = 18 are 1, 0.754, 0.076, and —0.0086.
The order of magnitude difference between the second and third
eigenvalue shows that there is a time-scale separation between
the chemical process of interest and the other molecular motions
in the system. The lifetime, 7, of the H,O bridged structures was
estimated from 7= —5ps/In(A; ), where the numerator equals 5 ps
because the configurations in the MD trajectory were saved every
5 ps. For Ny,0 =~ 103-Ngy- = 8 was found 7 = 20.5 ps and for
Ni,0 ~ 10*-Ngy- = 18 7=17.7 ps. The agreement between the
two different system sizes is good. The 20 ps lifetime signifi-
cantly exceeds typical hydrogen-bond lifetimesZ>"7Z, indicating
that these structures persist over multiple solvent reorganization
events.

3.3 Diffusion dynamics

Because the formation of CIPs is governed by ion-ion encounter
rates, which depend on molecular diffusion, we next quantify
the position-dependent diffusion within the droplet. Since the
contact ion-pairing depends on encounter frequency, first we ex-
amine the radially dependent self-diffusion coefficient of H,O in
a Np,0 ~ 10* and Nna+ = 33 (or Ng- = 33) droplet. We imple-
mented a technique that we presented in a previous articleZ® to
estimate the position dependent self-diffusion coefficient. The
steps we performed are described below. Firstly, at a specific
temperature we collected an ensemble of molecule displacements
squared over a finite interval of time (5 ps, 10 ps, 20 ps, and
40 ps) at which the position of the molecule does not change sig-
nificantly. Examples of distributions of displacements over 40 ps
at (a) T =270 K, and (b) T =300 K are shown in Fig. S7 in SI. A
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Table 2 Parameters used in Eq.E](second and third column) as a function
of temperature (T) (first column) for TIP4P /2005 model at 7 =300 —
230 K and TIP3P-CHARMM model for 300 K. The data for the TIP3P-
CHARMM carry an (*).

T [K] | Dy [nmz/ns] Ry [A]
300 1.97 49.9
300 3.18(%) 55.7(%)
270 0.83 45.5
250 0.37 40.9
230 0.084 29.1

time interval of 40 ps was chosen to be sufficiently brief to main-
tain the molecule within its neighborhood, for example, within
this time interval a molecule in the interior does not reach the
surface boundary. In the temperature range of 230 K-300 K the
convergence of the values of the self-diffusion coefficients in the
droplet interior for 40 ps is shown in Fig. S8 and Fig. S9 in SI.
Secondly, we assumed a functional model of the self-diffusion
coefficient dependence on the distance from the droplet’s COM, r
expresses as ,
D(r) = Dy (1 + Lz) (4)
Ry
where Dy can be associated with the self-diffusion coefficient in
the bulk-like droplet’s interior and R; is the distance from the
COM of the droplet where the apparent self-diffusion coefficient
is double that of the one in the center. This quadratic function is
chosen because it is the lowest power polynomial that smoothly
passes from the droplet’s center. Thirdly, the ensemble of dis-
placements was analyzed using the maximum likelihood estimate
and the optimal parameters for the r dependence of the model
(Eq. [4) of the self-diffusion coefficient were selected. The calcu-
lations were performed using the maximum likelihood estimate
functions of the R statistical analysis package”?. The optimal pa-
rameters are presented in Table
The model (Eq. [4) was verified by comparing the computed
probability distribution of the displacements squared with the
theoretical prediction. For a diffusive process the probability, de-
noted as P, (theoretical prediction), of A? for a fixed value of
position r, is given by the gamma distribution (I") with the shape
parameter o = 3/2:
P(A2) = %E—MMDUM. (5)
I'(3/2)\/4D(r)7
where 7 is the time interval of 40 ps, A is the magnitude of the
displacement, and D(r) is the position dependent self-diffusion
coefficient. The comparison is shown in Fig. S9 in SI.
Figure[6]shows the radially dependent self-diffusion coefficients
at various 7 computed using Eq.[4] with the parameters presented
in Table 2] First we discuss the values of Dy in Table [2| that pro-
vide the self-diffusion coefficient at the bulk-like interior of the
droplet. In the Ny,0 =~ 10* (R, = 4.15 nm) droplet we examine
here, the interior pressure was estimated to range from ~ 332 bar
at 300 K to ~ 371 bar at 230 K using the Young-Laplace equa-
tion with value of the surface tension for the planar interface.
Reference? that shows the convergence of the surface tension
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Fig. 6 Radially dependent self-diffusion coefficient of H,O in a droplet
composed Ny, 0 ~ 10*-Ny,+ = 33 ions at different temperatures.

in droplets with size led us to consider that an aqueous droplet
with R, = 4.15 nm has reached the bulk value of surface tension.
The data in Ref.2? for TIP4P/2005 bulk at 298.15 K and pressure
500 bar give the value of 2.30 [nm? /ns], which is near the interior
values found in this study.

The temperature and pressure dependence of the self-diffusion
coefficient of bulk H,O has been discussed in many articles®?. It
has been found that at pressure 1 bar and above a cross-over tem-
perature the self-diffusion of H,O follows an Arrhenius equation
while below shows significant deviation from the Arrhenius equa-
tion that increases with the degree of supercooling. The cross-
over temperature has been placed at different values in the liter-
ature, and it may be as low as 225 K. We use the Arrhenius equa-
tion to fit the temperature dependence of the self-diffusion coef-
ficient values reported in the second column of Table 2, that pro-
vides an estimate of the activation barrier of 6.1440.67 kcal/mol.
The activation energy is ~ 1.0 kcal/mol higher than the values re-
ported®? for various H,0 models at 1 bar. The higher value may
arise from the higher pressure at the droplet interior that prevents
the escape of the H,O molecule from a cage. Another possible ex-
planation for the activation energy difference is that the prefactor
in the Arrhenius equation has a temperature dependence.

The self-diffusion coefficient increases gradually from the
droplet’s bulk-like interior to the surface. In the temperature
range T = 300 — 230 K near R, the self-diffusion coefficient in-
creases up to twice that in the bulk-like interior. We expect a
similar increase to be present in microdroplets. The moderately
increased surface self-diffusion is expected to contribute to the ac-
celeration of reaction rates when the reaction is diffusion-limited
such as that of the formation of the CIPs.
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3.3.0.1 Diffusion of OH™ In a droplet composed of Ny,o ~
10*-Ngy- = 18 the OH™ ions are found on an average distance
of Ravg = 2.98 nm from the droplet’s COM. This distance is at the
interface between the bulk-like region and subsurface (Fig. [2).
We estimate the OH™ diffusion coefficient (Dgy-) for their mo-
tion on a spherical surface using Doy~ = Ra(6%)/4t, where
(6%) =0.483 and t = 0.5 ns. Dy~ is estimated to be 2.14 nm? /ns.
Using Eq. [4] and the parameters in Table 2] the self-diffusion co-
efficient of TIP3P H,0 at Ra, = 2.98 nm was estimated to be
4.08+£0.2 nm?/ns. These estimates show that the vehicular dif-
fusion of OH™ is almost half that of TIP3P-CHARMM H,O. The
slower diffusion is expected because of the tightly bound solva-
tion layer surrounding a OH™ ion. The experimental valuel2/10
of Doy~ =5.2—5.4 nm? /ns is ~ 2.5 times higher than the value es-
timated here because of the structural diffusionZ and also a pos-
sible different value of the vehicular diffusion. Regardless of the
model-dependent values of the diffusion coefficient, the present
study suggests that in the depth from the surface where the OH™
are located, the self-diffusion of H,O is moderately higher than
its bulk H,O value and that the vehicular diffusion rate is half
that of the self-diffusion of H,O. In addition, the faster H,O self-
diffusion rate is expected to accelerate the diffusion of OH™.

Using Doy~ we estimate ky for the formation of the CIP using
the Smoluchowski equation®1/82

kp[OH™] = 47(2Doy- ) (2R)(1/V) (6)

where 2R is the collision radius taken to be 0.4 nm, which is the
first minimum in the PMF shown in Fig. |3} and V is the volume
of the droplet taken to be 300 nm> for a droplet composed of
Ng,0 =~ 10*. Using the detailed balance condition, we find that
the life-time (7) of a OH™ CIP is given by
A

7 kyloH] @
where A = (12.2+0.33) x 10~ as defined earlier. It was estimated
that T = 17 ps. This value is in good agreement with the lifetime
we estimated in the previous section using the eigenvalues of the
transition probability matrix of H,O bridges. The agreement be-
tween independent kinetic estimates (see discussion in previous
section) provides support for the robustness of the contact ion-
pairing dynamics. Moreover, the agreement of the values suggests
that OH™ contact ion-pairing occurs in the entire droplet volume.
The use of the entire droplet volume is justified by the OH™ con-
centration profiles (Fig.[2) that decay slowly from the maximum
of the distribution in the subsurface toward the bulk-like interior.
The OH™ diffusion is strongly determined by structural diffusion,
which is in turn is affected by the different self-diffusion coeffi-
cient of H,0 and H-bonded network in the droplet interior vs. in
the surface layers. These effects are to be examined with AIMD.

3.4 Implications for microdroplet chemistry

For a droplet of R, = 1 um (Ny,0 &~ 1.4 x 10M1-Njg, = 1.23 x 10%)
that has a more relevant size to that used in the experiments, the
concentration of the ions if they were uniformly distributed in the
entire volume would be 4.87 x 10> M. However, in the charged
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droplet the ions are mainly distributed in the surface and sub-
surface region©83 (thickness of approximately 1-1.5 nm) that
increases the concentration by 333 times (0.016 M) relative to
the uniform distribution. Therefore, if the ions participate in the
reaction their concentration itself is a factor that is expected to
contribute by at least two-three orders of magnitude in the reac-
tion acceleration. This contribution in the rate of reaction arises
directly from the mass action law.

Regarding the rate of diffusion of the H,O molecules, similar
to nanoscopic droplets, microdroplets are expected to exhibit en-
hanced diffusion at the subsurface relative to the interior. In a
droplet with R, = lum the average interionic separation of the
ions is & 10 nm if they were all distributed uniformly on the sur-
face. In practice this distance for OH™ ions may be shorter be-
cause these ions are located below the surface, which reduces
their effective separation. If we consider the experimental value
of OH~ diffusion?®1€ that includes both vehicular and struc-
tural diffusion, 5.2-5.4 nmz/ns, the faster diffusion of H,O in
the subsurface relative to the interior and the fact that the ions
are confined to diffuse in a narrow shell at the surface the en-
counter time is estimated to be < 1.4 ns. These estimates indicate
that ion-ion encounters occur within a nanosecond even at rela-
tively modest subsurface concentrations in micron-sized droplets.
Consequently, transient OH™-OH™~ CIPs are expected to form fre-
quently during the droplet lifetime. Although each CIP is short-
lived, their continual formation provides repeated opportunities
for pre-reactive configurations, effectively amplifying the proba-
bility of interfacial chemical events. The faster diffusion of H,O
in the droplet surface combined with reduced H-bonding>!' is ex-
pected to promote like-charge ion pairing because it can reduce
the structural diffusion of OH~. We propose that this effect is
analogous to the reduced diffusion of hydronium ions on the
surface of ice due to local trapping by under-coordinated water
molecules®t. Moreover, the faster diffusion allows for faster sol-
vent re-organization in capturing an electron potentially detached
from a OH™ preventing rapid recombination#.

Fluctuations in the charge distribution, including both the po-
sitions of the free ions and the orientation of H,O molecules,
can produce local enhancements of the electric field. In pre-
vious work®, we estimated that for a droplet composed of ~
2 x 10* H,O molecules and 36 Na* ions, the average value of
the normal component of the electric field is 0.187 V/A, with fluc-
tuations reaching magnitudes approximately twice the average
value. These large fluctuations were observed over roughly 2% of
the droplet surface area. In nanodroplets, such transient electric
fields can approach the magnitude required to induce H,O dis-
sociation. For droplets with charge near the Rayleigh limit, the
average squared electric field scales inversely with the droplet ra-
dius. Consequently, as droplet size increases, the average electric
field decreases substantially. The charge relaxation to shape fluc-
tuations has been thoroughly described in Ref.®>,

A distinct droplet region with high electric field is the Taylor
cone appearing on the surface of a droplet near the Rayleigh
limit®0I83186:88 regardless of the droplet size. These conical
shapes have high local values of the electric field at their tips,
which may potentially serve as catalytic centers for accelerating
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chemical reactions.

Although strong electric fields are frequently invoked to explain
the enhanced reactivity observed in charged microdropletst,
the scaling of the average electric field with droplet radius sug-
gests that this mechanism becomes significantly weaker in larger
droplets. Consequently, electric-field-driven activation alone may
not fully account for the substantial reaction-rate enhancements
reported experimentally. This observation motivates the explo-
ration of alternative molecular-level mechanisms that may oper-
ate independently of the macroscopic electric field strength. One
such mechanism is the formation of correlated ion configurations
such as the OH™ (or Cl™) like-charge contact ion-pairing observed
in the present simulations that are present even when the aver-
age electric field is relatively small. Regardless of droplet size,
the overlap between enhanced diffusion and elevated ion den-
sity in the subsurface region maximizes ion—ion encounter rates
precisely where non-specific features of the surface region such
as lower dielectric constant and reduced H-bonding favor contact
ion-pairing.

4 Conclusion

In this work, we examined pre-reactive co-localization via like-
charge ion contact ion-pairing. Our simulations revealed that
OH™ and Cl~ ions exhibit a significantly stronger tendency to
form CIPs than Na* ions. Hydroxide CIPs, and similarly Cl~
pairs, are stabilized by hydrogen-bond-mediated bridging struc-
tures involving surrounding water molecules, forming transient
configurations [OH™ (H,0),0H"] where n = 1,2 and rarely 3.
These structures have the potential to partially delocalize charge
through the hydrogen-bond network mitigating electrostatic re-
pulsion and enabling the formation of metastable CIPs.

The molecular mechanics MD simulations performed here esti-
mated that the lifetime of these hydroxide CIPs is ~ 18 ps. This
time is sufficiently long to allow repeated solvent reorganization
and local proton-transfer events within their hydrogen-bonded
environment. Although short-lived on macroscopic timescales,
their continual formation and decay provide recurring opportuni-
ties to sample pre-reactive configurations. In this sense, we spec-
ulate that such transient ion pairs can act as precursors to chem-
ically relevant processes, including electron detachment into the
surrounding solvent or vacuum interface, field-assisted water dis-
sociation, and radical formation.

An open question in the literature is the H,0, forma-
tion=rZH0U2I3! i aqueous microdroplets. We suggest that the
formation of hydroxyl radicals without the assistance of any cat-
alytic species, and their encounter to form H, O, in a microdroplet
is very rare. We propose that for H,O, to be produced in an ex-
perimentally detectable quantity every binary or unitary step of
the reaction mechanism should have the precursors to radicals in
close proximity. The OH™ contact-ion-paring is a possible struc-
tural precursor that it is a center of initiating reactivity such as
proton transfer from the surrounding H,O molecules. The man-
ner in which the presence of a negative ion in the vicinity of OH~
facilitates the electron detachment is to be examined by AIMD.

We also characterized the position-dependent self-diffusion of
H, O within droplets with equimolar radius of ~4.15 nm, over the
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temperature range 230-300 K. This droplet size is large enough
to be used as a representative example for droplets even with or-
ders of magnitude larger diameter because it has a clearly defined
bulk-like interior, subsurface and surface regions. We found that
the diffusion coefficient increases gradually from the bulk-like in-
terior toward the interface, reaching values up to approximately
twice as large near the droplet boundary. While this enhancement
can increase encounter frequencies between reactants, its magni-
tude alone is insufficient to explain the orders-of-magnitude rate
accelerations reported in microdroplet experiments.

Our findings suggest that enhanced reactivity in charged
droplets arises from the interplay of multiple factors rather than
a single dominant mechanism. In particular, transient, hydrogen-
bond-bridged contact ion-pairing provides a means of locally con-
centrating ionic species, namely OH~, and reorganizing the sol-
vent environment, thereby creating reactive configurations in the
form of dynamic ion correlations even in the absence of strong
average electric fields. This mechanism complements other pro-
posed effects, such as interfacial electric fields, pH gradients, and
evaporation-driven concentration changes.

A limitation of the present study is the use of molecular me-
chanics, non-reactive force fields, which do not capture proton
transfer, charge delocalization beyond fixed charges, or electronic
polarization effects. These processes are particularly relevant for
hydroxide ions, where structural diffusion and proton transfer
play a central role in dynamics. As a result, the lifetimes and
stability of the hydroxide CIPs reported here may differ quantita-
tively from those obtained using AIMD. Nevertheless, the classi-
cal simulations provide statistically robust insight into ion spatial
distributions and encounter frequencies, which are expected to
remain qualitatively valid. The present studies provide reference
data to be compared with future AIMD data. The use of a polar-
izable molecular mechanics force field is expected to strengthen
the stability of the OH™-OH~ CIP relative to the non-polarizable
model by strengthening the polarization in the H,O bridges. Ap-
plication of AIMD should carefully account for the response time
of the electron density to the dynamics of the H,O molecules and
to the approaching rate of the OH™ ions. When AIMD is used for
this problem, we suggest to constrain the distance between the
OH™-OH~ ions in values near the minimum of the CIP to com-
pute the ionization energies of the OH™ in the pair as well as the
reactions that the pair initiates in the surrounding molecules. It
is expected that the ionization energies of each of the OH™ ions
will be lower than that of the free OH™ ions because of the pres-
ence of the neighboring negative charge. A neighboring negative
charge may also prevent electron recombination and may initi-
ate proton transfer reactions within the surrounding molecules.
The neighbouring negative charge may not be necessarily an an-
ion, but it may be a negatively charged surface or a negatively
charged complex. In future research we examine how these pre-
cursor configurations evolve into chemically reactive events using
reactive and AIMD modeling.

Finally, the distinct radial distribution of hydroxide ions to al-
kali ions is the starting point to address the differences in ion-
ization efficiency between negative and positive modes in elec-
trospray ionization, where the depth of ions below the interface
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determine their reactivity with analytes, their likelihood of emis-
sion®382. and the size of the emitted cluster®382, We also suggest
extension of both the experimental and computational studies to
supercooled droplets and higher-temperature regimes and to dif-
ferent H-bonded solvents such as fluorinated alcohols to further
clarify the role of hydrogen-bond dynamics and diffusion in gov-
erning interfacial chemistry.
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