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Abstract

There is accumulating evidence that many chemical reactions are accelerated by several orders
of magnitude in micron-sized aqueous or organic liquid droplets compared to their correspond-
ing bulk liquid phase. However, the molecular origin of the enhanced rates remains unclear as
in the case of spontaneous appearance of 1 pM hydrogen peroxide in water microdroplets. In
this letter we consider the range of ionization energies and whether interfacial electric fields
of a microdroplet can feasibly overcome the high energy step from hydroxide ions (OH™) to
hydroxyl radicals (OH®) in a primary HoO2 mechanism. We find that the vertical ionization
energies (VIEs) of partially solvated OH ™ ions are greatly lowered relative to the average VIE
in the bulk liquid, unlike the case of the Cl™ anion which shows no reduction in the VIEs
regardless of solvation environment. Overall reduced hydrogen-bonding and under-coordination
of OH ™ are structural features that that are more readily present at the air-water interface,
where the energy scale for ionization can be matched by statistically probable electric field

values.
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Microdroplet chemistry refers to the burgeoning experimental evidence of enhanced rates of both
organic oxidation and reduction reactions in microdroplets relative to the bulk aqueous phase. ™ It
is proposed that the underlying features of microdroplet reaction acceleration is the presence of an
interface, the presence of hydroxide ions (OH ) (presumably due to autodissociation of water), and
a proposed mechanism that the reduction reactions are driven by loss of an electron from OH ™,
that in turn creates OH radicals (OH®) that serve as a strong oxidative agent.

One fundamental example pertains to whether there is spontaneous production of HyO5 in
aqueous microdroplets, and if so, if it is a feature of the air-water interface.*% Although there are
still important disagreements to settle regarding the experimental techniques used to create water
droplets, and the concentrations of HoO5 actually produced, we do note that both the Zare and
Mishra laboratories find detectable amounts of (~ 1u1M) HyO, using gas nebulization and ultrasonic
humidification.®” The primary proposed mechanism is that HyO, formation in water microdroplets
proceeds spontaneously through the loss of an electron from hydroxide anions followed by radical
recombination of OH® as shown in Eq. 1.

H,0 — Ht + OH- (1a)
OH —— OH" 4 ¢ (1b)
20H* — H202 (1C)

But in order for such a mechanism to be plausible, one must first explain how the microdroplet
environment overcomes the highly unfavorable ionization energy step in Eq. 1b. In this work we
investigate this rate limiting step by considering whether the interfacial environment can reduce
the highly unfavorable vertical ionization energy (VIE) of hydroxide ions found in the bulk aqueous
phase (over ~200 kcal/mole)®. We also evaluate the VIE for the chloride ion in order to compare
it to recent work by the Herbert group that found almost no interfacial effect on the ionization
energies of atomic anions compared to the bulk. Their work reached the broad conclusion that the
air-water interface is "banal" in regards VIEs of anions?, e.g. no different than the bulk phase,
thereby casting doubt on the plausibility of the mechanism proposed in Eq. 1.

We address these questions with ab initio SCS-UMP2 calculations of the VIE of hydroxide ions
in a range of water environments. We have chosen to use SCS-UMP?2 for the VIE calculations
because MP2 is known to describe water cluster data for neutral !, cationic!?, protonated!?®, and
hydroxide-water systems!* very accurately. The spin-component scaled version of UMP?2 is selected
for its superior agreement with the CCSD(T)/aug-cc-pVQZ ionization energy of bare OH  and is
appropriate for open-shell systems. We also compare the VIE for OH™ to Cl™ using SCS-UMP2
and compare it to recent work that found almost no effect on the VIE of atomic anions such as
the chloride ion at the air-water interface using hybrid Density Functional Theory.® While our
main focus is on the energetic barrier associated with ionization of the OH™ and Cl™ anions in a
microdroplet environment, we will also briefly discuss the contributions of the solvated electron
and other reaction channels to the viability of the reaction mechanism in Eq. (1).

We start with minimized OH ™ (H50),, water clusters by increasing the number of water molecules,
n, to get a sense of how the VIE converges in nearly ideal hydrogen bonding environments to
compare later to thermalized microdroplet configurations. Table 1 provides the VIEs of OH ™ using
SCS-UMP?2 for the gas phase water molecule and optimized OH™ (H0),, cluster minima (n=0-5,
8-17). From Table 1, SCS-UMP?2 is found to closely agree with the experimental gas phase VIE



Cluster VIEgu- (kcal/mol) Ny
OH (gas, experiment) 42.21° -
OH™ 43.94 0
OH (H,0) 88.93 1
OH " (H,0)s 103.76 2
OH (H,0); 125.01 3
OH " (H,0), 131.69 4
OH ™ (H,0); 142.94 4
OH (H,0)s 160.99 4
OH™ (Hy0), 158.40 4
OH™ (Hy0)11 167.22 4
OH ™ (H0)12 164.18 4
OH (H,0)5 165.85 4
OH™ (H0)14 172.46 4
OH (H20)15 181.83 4
OH " (HyO)1g 188.56 4
OH (Hy0),7 186.03 4
OH  (aqu., experiment) 207 + 15° -

Table 1: Calculated SCS-UMP2/aug-cc-pVTZ vertical ionization energies for a range of water cluster geometries
with varying levels of solvation compared to gas and bulk liquid phases from experiment. The cluster geometries were
minimized with MP2/aug-cc-pVTZ, with the exception of the OH (H20)g that is minimized with MP2/aug-cc-
pVDZ .

of 42.2 kcal/mol'®. Notably, a single optimized hydrogen-bonding interaction for the OH™ (H,0)
dimer doubles the gas phase VIE value, and the increased VIEs of minimized OH™ (H50O); through
OH™ (H30);7 clusters introduce stabilizing interactions that extend beyond the first solvation shell,
even though the OH  ion accepts the same number of hydrogen bonds as in OH (H50)y.

Ultimately increasing the number of waters of the optimized OH™ (H0O),, clusters systematically
increases, but does not quite reach, the VIE of ~207 kcal /mol in the aqueous phase as determined by
photoelectron spectroscopy (Table 1).8 This likely indicates that the gas phase OH™ (H30),, clusters
need to be larger and/or include long-ranged electrostatic effects, with the reported evidence
suggesting that most anions require on the order of hundreds of solvating water molecules to
converge many properties from clusters, including VIE’s. %1722, However, when we extrapolate
from the VIE’s calculated from the cluster data to the bulk value using linear regression against
n~1/3, we determine a bulk VIE of 255 kcal /mol that overestimates the bulk experimental value by
close to 50 kcal /mol (Supplementary Figure 1). We attribute this to the too ice-like character of
the minimized clusters, i.e., not accounting for the weakening of hydrogen bonds due to thermal
motion leads to an overestimate of the VIE.

We therefore sampled a range of OH™ water clusters from finite temperature molecular dynamics
simulations2? of a large droplet with a 40 A radius and containing 24 OH ™ and 8614 H,O molecules
using a reactive force field model for water, ReaxFF-CGeM?4?5. The ReaxFF /C-GeM model has
been extensively validated against experiment and theory for small molecules and ions in water 226,
the water liquid??, lipid-water interfaces?’, and the air-water interface?. From these reactive
force field simulations, we extracted clusters of OH (Hy0)q0 which served as the QM region of a
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Figure 1: Structural distributions and water coordination states of OH  in a 40 A microdroplet and corresponding
vertical ionization energy distributions. (a) Each distribution is categorized by the number of hydrogen bonds
accepted by an OH . The dashed line shows the position of the Gibbs dividing surface. (b) distribution of VIE for
aqueous OH™ as determined from SCS-UMP?2 calculations on OH™ (H30)49 embedded in the charges of the 1000
nearest neighbor molecules (~3000 nuclear charges and ~3000 electronic charges). The solid line shows the bulk
value from photoelectron experiments®. The dashed lines denote the experimentally reported standard deviations
from the Gaussian fit to the photoelectron spectrum.

charge-embedding scheme involving 1000 water molecules (3000 nuclear charges and 3000 electronic
charges) in order to calculate the VIE of OH ™ in a more realistic bulk environment, as well as
evaluating how the VIEs change at the air-water interface where instantaneous fluctuations give
rise to large electric field fluctuations?*?®. Previous studies by Tobias and co-workers have already
noted that OH™ and OH® are favored at the air-water interface by ~ 1 kcal/mol?*3° supporting the
importance of the surface being a distinct feature of microdroplet chemistry for HoOy formation.

Figure 1a shows how the 24 OH™ ions are distributed throughout the water droplet in which a
large majority are well solvated with 4-5 hydrogen-bonds, consistent with the well-known hyper-
solvated structure of the hydroxide ion that contributes to its lower diffusion constant relative to
hydronium. 3! However, there is a smaller but significant population of partially solvated OH ™ ions,
making up ~7.2% of all the OH ™ ions distributed throughout the water droplet. Close to 65% of
this small population of under-coordinated configurations lie near or beyond the Gibb’s dividing
surface, in which OH ™~ accepts only 1, 2, or 3 hydrogen bonds (see SI for further details). In previous
work we have shown that the ReaxFF/CGeM model, in agreement with sum-frequency generation
experiments®233| predicts that HsO" has a greater propensity for the surface compared to OH .2
Furthermore, the SFG experiments merely show that OH™ does not dramatically perturb the
free-OH stretching peak at mM concentrations of OH . Thus, it is possible that OH " is still in the
vicinity of the air-water interface without being easily visible in the SFG spectrum. Furthermore,
Vogel et al. have observed an excess of OH ™ at the air-water interface.3* Finally, because surface
propensities and depletions of small solutes such as OH™ tend to be on the order of 1 kcal /mol or
less?Y, it is also possible to see fluctuations which bring OH™ to the surface, which is exactly what
our simulations show.

We also find that the remaining ~35% of the small population of OH™ with reduced hydrogen-
bonding occurs in the droplet interior, although the coordination number of these same interior OH™



ions are most often larger by one due to non-hydrogen-bonding neighbors. These configurations
likely arise from dynamical defects associated with a changing coordination environment of the OH ™
that enables diffusion. Intriguingly, many of these configurations satisfy the geometrical criteria of a
hemi-bond which are characterized by close oxygen-oxygen distances.? 37 We emphasize that OH~
does not actually form a stabilizing interaction with water in the form of a hemi-bond. Instead, the
fact that this high-energy arrangement can be sampled is of interest, because upon ionization the
radical state can be stabilized by the hemi-bond configuration.

Using these same configurations, Figure 1b reports the VIE distribution from the SCS-UMP2
calculations for the OH ™ (H50)qg clusters and using the charge embedding from the surrounding
1000 water molecules. The agreement between the experimentally measured value of the bulk VIE
of 207 £ 15 kcal /mol is in good agreement with our main Gaussian peak position and width at half
maximum of 212.9 4+ 25.3 kcal/mol. But what is of most interest is that the VIE distribution is
bimodal, with a second peak at 89.8 + 7.3 kcal /mol with a lower bound of ~66 kcal/mol. This
second peak originates almost exclusively from the 1- and 2-coordinated configurations sampled at
the air-water interface. This bimodal distribution is also found when using a cluster-continuum
model, the Poisson Equation solver (PEqS) developed by the Herbert group,?3® and calculated
using wBI7TM-V /aug-cc-pVDZ level of theory as seen in Supplementary Figure 2.

The gap in the VIE distribution between these two peaks arises from the fact that the hydroxide
ion has three lone pairs, so that when OH™ only accepts one or two hydrogen bonds, then there is
a set of 2p electrons which are not strongly stabilized by hydrogen-bonding, resulting in a much
lower VIE than one would expect for aqueous OH . But when a third hydrogen bond is accepted
by OH ", the VIE jumps nearly all the way to the fully-coordinated average value as already shown
with the minimized cluster data (Table 1). This additional low VIE peak integrates to about 3.0%
of the total peak area, and therefore its low concentration may not be detectable as a distinct
signature in the photoelectron spectrum?®. A small fraction of the population of low VIEs also
arise from the under-coordinated OH™ configurations in the droplet interior, consistent with the
idea that hemi-bonded configurations favor low VIEs because they can either destabilize OH ™ or
stabilize OH®, or both.

Is the OH™ ion different than other atomic ions at the air-water interface? In the work of Paul
and Herbert they refer to the "banality" of anion-water hydrogen bonding at the air/water interface
which does not differ from the bulk interior, and thus has no distinction in regards the calculated
VIEs.? We therefore also simulated Cl™ in a large water droplet with ReaxFF/CGeM to see if we
reach the same conclusion, again utilizing the same sampling procedure and SCS-UMP2 calculations
using a charge embedding scheme. We in fact independently confirm that study in which we see
no significant differences in coordination at the air-water interface relative to the inner droplet
(Fig. 2a), and therefore the VIE distribution is unimodal with an average and STD of 217.3 £+ 24.5
kcal /mol compared to the experimental value of 216.7 4 8.3 kcal/mol (Fig. 2b). Importantly, there
is no effect on VIE depending on undercoordination and/or reduced hydrogen-bonding, and no
bimodality in the VIE distributions, which is unlike the OH™ ion as we have shown here.

What are the consequences in regards the lower VIE for a small population of hydroxide ions
in undercoordinated water environments? We have recently established that there are average
electric fields of ~10 MV /cm at the air-water interface using the ReaxFF/C-GeM model*, in
good agreement with Stark measurements by Min and co-workers using stimulated Raman excited
fluorescence microscopy spectroscopy®®. To illustrate the effect of the stronger surface electric
field, the average 89 kcal/mol energy required to ionize OH™ to form OH® corresponds to a 3.9 V
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Figure 2: Structural distributions and water coordination states of Cl” in a 40 A microdroplet of NaCl in water
and corresponding vertical tonization energy distributions. (a) Each distribution is categorized by the number of
hydrogen bonds accepted by an Cl . The dashed line shows the position of the Gibbs dividing surface. (b) the
VIE distribution of aqueous Cl™ as determined from SCS-UMP2 calculations on Cl™ (H30)3¢ embedded in the 6000
partial charges of the 1000 nearest neighbor water molecules (see Methods). The solid line shows the bulk value
from photoelectron experiments®. The dashed lines denote the experimentally reported standard deviations from
the Gaussian fit to the photoelectron spectrum.

reduction potential. If we assume this potential acts over ~5A, i.c., the thickness of the air-water
interface, that corresponds to an electric field of ~80 MV /cm which is nearly an order magnitude
larger than the estimated electric field average.?® But due to fluctuations, electric fields exhibit a
Lorentzian distribution at the surface for water droplets containing OH ™~ groups, and hence there
is a finite ~40% probability to have electric field larger than 80 MV /cm. When the electric fields
are projected onto the O-H bond of OH , which may have variable orientations, there is a smaller
but still significant 5% probability to have large enough fields of 80 MV /cm to eject an electron
along this bond as per the step in Eq. 1b.

Finally, we return to what is missing in the simple mechanistic picture assumed in Eq. (1)
by considering other reactions and experimental factors that could influence this conclusion. For
example, in principle, HoO5 could also form via the direct ionization of water molecules leading to
the formation of a cationic hole HyO®*". However, the IE of H,O is much higher than that of OH ",
with values as large as 11 eV in the liquid phase?®*! and 12.6 €V in the gas phase*?. It is also
possible that the relevant process is not ionization, but charge transfer resulting in the production of
both H,O ™ and H,O".%3 Another pathway which should be investigated is the effective production
of H,O™ in two steps. That is, ionization of OH ™ and release of a proton from H;O" could be a
bimolecular pathway which gives identical products to those observed in oxidative microdroplet
reactions**. Hence, the analysis reported here could also be relevant to the formation of a cationic
hole H,O*".

One possible limitation in observable HyOy production is that the ionization of OH™ leads to
the production of an electron whose fate has not been determined experimentally. If a solvated
electron is produced, i.e. it is captured by the droplet, there are reactions which will compete with
production of HyO4 such as



o +HT — H* (2a)
2H* — H, (2b)
OH* + H* — H,0 (2c)

It is clear from Eq. 2 if an aqueous electron is produced in water (i.e., as proposed in Eq. 1), it
will rapidly form H*® by attaching to free hydronium H". After production of H®, there are three
pathways which quench the OH® and H® radicals. Namely, the radicals can produce HyO5, Hs, and
H,0O. This observation offers two clues: (1) the entire process is pH neutral and (2) one would
expect to see production of Hy gas (which is easy to measure in principle) if it is really the case that
this mechanism proceeds through the loss of a solvated electron from OH ™. Finally, there seems to
be a consensus that e, has a binding energy of 3.77 eV (87 kcal/mol).*>*% The implication is that
the e, binding energy is commensurate with the VIE of partially solvated OH™ and adds to the
plausibility of the Eq. (1) mechanism using thermodynamic arguments.

In conclusion, we have demonstrated that the ionization energy of OH  is different than atomic
anions such as Cl- when comparing bulk water and the air-water interface. In particular the
air-water interface3* provides an environment for OH™ that makes it more prone to oxidation
to the hydroxyl radical with much lower VIE than the bulk phase. For the hydroxide ion the
VIE exhibits a bimodal distribution comprised of high IEs for the dominant fully-coordinated
configurations of OH | with a smaller but non-negligible peak at much lower VIEs that arises
from less ideal hydrogen-bonded geometries and reduced nearest neighbor coordination. These
under-solvated water configurations are mostly found at the air-water surface, although alternative
under-coordinated states involving hemibonds can be found in the microdroplet interior, but in
either case they reduce the VIE by half, or more, compared to the VIE’s of well-solvated OH ™ ions.
This is in contrast to C1~ where the coordination number is largely independent of the location of
Cl" in a microdroplet, and thereby exhibits a unimodal VIE of high energy only. We conclude that
the limiting energetic step of hydroxyl radical formation from OH™ corresponds to energy scales
that are statistically accessible from available electric fields specific to the air-water interface.?
Therefore there is a small but still significant probability to spontaneously create HyO5 by the
mechanism proposed in Eq. 1 on a single microdroplet, and by integrating across many droplets
reaching HyO, concentrations above the detection limit reported in experiment.

METHODS

Computational Details of the Reactive Molecular Dynamics Simulation. The snapshots for MP2
calculations were obtained from reactive molecular dynamics simulation of OH™ and Cl™ water
solutions using ReaxFF/CGeM.?*?5 In more detail, a 40 A radius droplet was first created using
PACKMOL?", then equilibrated using molecular dynamics with the AMOEBA force field *8%° with
1 fs time step for 3 ns within the Tinker-OpenMM platform®°. This initialized system was then
simulated using the ReaxFF/CGeM force field implemented in LAMMPS?® with a time step of
0.25 fs. After 500 ps of equilibration we collected snapshots every 0.1 ps across a 500 ps production
run. The cubic box for the system was set to be (120 A)3. All simulations were done in the NVT
ensemble at 300K.

In total we sampled 455 extended cluster geometries of the anions from the 500 ps ReaxFF /CGeM
production simulations, 114 of which were extracted from the bulk interior and 341 of which were
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extracted from the air-water interface. These selections overweight anions at the interface, and
thus the VIE distributions reported in Figs. 1b and 2b are based on reweighting these 455 VIEs
according to the OH™ or Cl™ density distribution determined from the full trajectory. I.e. all VIE
computed configurations were assigned a weight based on the probability of finding an anion in a
given 0.5 A radial shell of the droplet. This resampling procedure allows us to generate an unbiased
VIE distribution in agreement with Figs. la and 2a, although we initially oversampled surface
states and undersampled interior states for the VIE calculations.

Computational Details of the MP2 Calculations. We have used SCS-UMP2 for all calculations
reported here; the difference between SCS-MP2 and regular MP2 is at most a few kcal/mol in all
configurations we analyzed. We have verified that all of the systems ionize the anion as opposed to
the surrounding water molecules; the value of < S? > is at most 0.759 in all sampled configurations,
so spin contamination should be of little concern. We carried out calculations using the full
aug-cc-pV'TZ basis set on a subset of samples, but found nearly identical results using a mixed
basis set approach in which aug-cc-pV'TZ is used on the oxygen and hydrogen of hydroxide anions
and aug-cc-pVDZ on the surrounding water molecules (Supplementary Table 1). A similar split
basis approach was taken by Paul and Herbert in a recent study of VIEs of polyatomic anions.?
Furthermore, we compared calculations on our configurations using our MP2-based approach
and compared it against a hybrid DFT functional used by Paul and Herbert® and get excellent
agreement (differences around 1 kcal/mol).

We ensure the calculation actually forms OH® by beginning each calculation from the converged
MOs of the gas-phase cluster, which always localized to the right state in our experience. We are
able to verify this by checking that the Mulliken spin density is very close to 1.0 on the hydroxyl
oxygen atom.

FElectrostatic embedding procedure. In the CGeM model?® there is a Gaussian density placed at the
nucleus of each atom with a +1 charge with a corresponding set of electronic shells represented
by a Gaussian charge of -1 whose positions are optimized in the field of the nuclei. This has been
shown to result in a fast and reliable method of estimating molecular electrostatic potentials. 2651

In order to make use of these charges in our UMP2 calculations, we discretize the Gaussian
charges into point charges of magnitude + /- 1 which are placed at the center of their respective
Gaussians. Hence our system calculations correspond to a QM region of OH (H30)9 in an
environment of the nearest 1000 water molecules comprised of ~6000 point charges (3 for each water
x 2 for the positive and negative shells). These charges account for the change in polarization upon
ionization by re-optimizing the CGeM shells in both the anionic and radical states, although the
polarization is not included self-consistently within the QM wavefunction optimization.Importantly,
the charge distribution accurately reflects the instantaneous environment of the OH™ molecule,
which is not the case when using continuum methods. Typically, there are about 5874 total
embedding charges (maintaining charge neutrality), since some other OH ™ ions are within the
1000 nearest neighbors of the OH ™ of interest. We neutralize the surrounding environment by not
including the extra embedded charges for OH™ molecules in the VIE calculation.

We also compute the VIE for a subset of fully-coordinated and partially-coordinated configura-
tions using a cluster-continuum model, the Poisson Equation solver (PEqS) described elsewhere. %38
We use the same approach for discretizing the dielectric function on a grid as in Ref.?. The only
modification is that the tanh function used to interpolate across the air-water interface is trivially



modified to account for the spherical nature of a microdroplet instead of using just the z-coordinate
of a grid point as is appropriate when using a slab for simulations. Additionally, we used wB97M-
V /aug-cc-pVDZ when using the PEQS solvation method since otherwise the calculations are too
computationally expensive.

While the PEqS model allows for self-consistent inclusion of polarization within the VIE calcu-
lation and accounts for differences in dielectric response upon ionization by separating the response
into slow and fast modes, the dielectric function is gridded based on the Gibbs dividing surface and
hence only includes the average dielectric environment at the surface which may be quite different
from the instantaneous environment. Furthermore, how the cavity is constructed is rather arbitrary
as it relies on van der Waal’s radii for the atoms. The computed VIE is actually rather sensitive to
the boundaries of the cavity which introduces a difficult-to-quantify level of uncertainty to these
calculations. The results of this comparison are shown in Figure S1.

Hydrogen-bond definitions. We define a hydrogen bond to OH ™ geometrically using a 2.7 A cutoff
for the donor-acceptor H— —O distance and 115° for the O -H— —O angle. This definition is chosen
since similar definitions are successful in identifying hydrogen bonds generally. Better definitions for
H,0, such as those of Kumar®?, are not designed for OH ™~ and in some cases depend on the plane of
the acceptor HoO, which does not exist in the case of OH . Furthermore, we are primarily concerned
with the broad classification based on number of hydrogen bonds, so a different definition may
move some structures between neighboring classes, but this will certainly not affect the conclusions
of this work. Furthermore, the chosen definition for OH™ seems to do a very good job of separating
2- and 3-coordinated OH™ ions which show the largest difference in VIE. For Cl, we use a distance
of 2.8 A and an angle of 130°, which are similar to parameters used by others. 3
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