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The role of charge in microdroplet redox
chemistry

Joseph P. Heindel1,2, R. Allen LaCour1,2 & Teresa Head-Gordon 1,2,3

In charged water microdroplets, which occur in nature or in the lab upon
ultrasonication or in electrospray processes, the thermodynamics for reactive
chemistry can be dramatically altered relative to the bulk phase. Here, we
provide a theoretical basis for the observation of accelerated chemistry by
simulating water droplets of increasing charge imbalance to create redox
agents such as hydroxyl and hydrogen radicals and solvated electrons. We
compute the hydration enthalpy of OH− and H+ that controls the electron
transfer process, and the corresponding changes in vertical ionization energy
and vertical electron affinity of the ions, to create OH• and H• reactive species.
We find that at ~ 20 − 50% of the Rayleigh limit of droplet charge the hydration
enthalpy of both OH− and H+ have decreased by >50 kcal/mol such that elec-
tron transfer becomes thermodynamically favorable, in correspondence with
the more favorable vertical electron affinity of H+ and the lowered vertical
ionization energy of OH−. We provide scaling arguments that show that the
nanoscale calculations and conclusions extend to the experimental micro-
droplet length scale. The relevance of the droplet charge for chemical reac-
tivity is illustrated for the formation of H2O2, and has clear implications for
other redox reactions observed to occur with enhanced rates in
microdroplets.

Recent experimental work has demonstrated that many reactions are
accelerated by one to six orders of magnitude in aqueous micro-
droplets when compared to bulk liquid water1–7. Of particular interest
are themany observations of redox chemistry occurring at accelerated
rates6,8–12, as well as the observation of hydrogen peroxide (H2O2)
formation inmicrodroplets at concentrations of ≈1–2μM13,14. Since the
production of H2O2 in water is thermodynamically disfavored, these
experiments collectively point to microdroplets having strong redox
properties. At present, however, the molecular origins of the strong
redox properties of microdroplets are unclear.

Microdroplets have inspiredmuch theoretical work to explain the
observed increase in reactivity by focusingon thedefining features of a
microdroplet that distinguish it from the bulk liquid15–18, such as the
large surface area to volume ratio and the unique structural and

dynamical aspects of the droplet surface. One possible explanation is
that molecules at the droplet surface are partially solvated relative to
the bulk, which destabilizes the reactants and/or decreases the reac-
tion barrier4,10,19. Indeed, we recently showed that partially solvated
OH− ions have much lower vertical ionization energies (VIEs)18 to yield
the OH• radical, and that these under-coordinated OH− ions are much
more likely to be within 1 nm of the air–water interface18.

A related possibility is rate acceleration arising from the presence
of intrinsic electric fields at the air-water interface17,18. As shown byHao
and co-workers17, the average electric fields at the interface are not
large, but the interface is different from the bulk liquid by exhibiting
Lorentzianelectricfielddistributions due to fluctuations. The long tails
of the electric field distribution give a finite probability for large
electric field events17 that can reach the requisite energy scales for
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chemical reactivity, such as ionizing an electron from the hydroxide
ion18. The work of Hao is supported by experimental measurements of
surface electric fields inferred by the Stark effect20.

We note that although there is much heated experimental debate
about microdroplet reactivity at the air-water interface13,21, no experi-
ment has directly determined the fate of the electron, even though the
knowledge of its fate is a critical requirement of any proposed redox
chemistry mechanism. Very recently, however, H2 gas has been
observed to be produced by oil–water emulsions along with observa-
tion of H• and OH• radicals using electron paramagnetic resonance22.
These observations provide important additional evidence that water-
oil interfaces can drive redox chemistry. There is some debate about
the similarity of oil–water emulsions and the air-water interface23–25,
but the work of Chen22 confirms that redox chemistry can certainly
occur at oil-water interfaces formed by emulsification.

Another important aspect ofmicrodroplet chemistry is that in the
preparation of droplets using ultrasonication, electrospray, as well as
gas nebulization, microdroplets are formed with a net charge14. There
is very good evidence that charged droplets occur not only in the
laboratory14,26 but in nature as well27–29, and there are consistent
observations that smaller droplets tend to have a more negative
charge while larger droplets tend to have amore positive charge when
produced via natural processes27,28,30,31. Furthermore, a microdroplet
with a net charge is not the same as an ionic solution which always
contains counterions. While ionic solutions can modulate the prop-
erties and reaction thermodynamics compared to neutral
solutions32–34, the net charge carried by a microdroplet offers the
possibility of a more dramatic alteration of the reaction thermo-
dynamics. This motivates us to examine redox reaction activity in a
chargedmicrodroplet as an origin of difference relative to a bulk ionic
system.

Redox chemistry requires an oxidizing agent and/or a reducing
agent. Considering most microdroplet chemistry is done in liquid
water, the most likely redox agents are hydroxyl radicals (oxidation)
and solvated electrons (reduction):

OH�ðaqÞ"OH�ðaqÞ+ e�ðaqÞ ð1Þ

Ordinarily, the equilibriumconstant associatedwith Eq. (1) is negligibly
small since OH− is more strongly solvated than the electron35,36, which
is why H2O2 is not normally produced in bulk H2O. The solvated
electron is highly reactive, so if it were produced it would rapidly
reduce any available species such as an organic molecule or even
protons produced bywater autoionization, beyond the recombination
with OH• via the backwards reaction in Eq. (1)

H+ ðaqÞ+ e�ðaqÞ"H�ðaqÞ ð2Þ

Morequantitively, the process formedby combining the half-reactions
in Eqs. (1) and (2) is,

OH� +H+ ! OH� +H�,ΔH= 107 kcal=mol ð3Þ

While the hydration entropy is onlyminorly affected by excess charges
in the environment, the process described in Eq. (3) is strongly dis-
favored by the enthalpy under neutral bulk conditions as it effectively
removes two ions from water (ΔH = 107 kcal/mol)37,38. Overall, the
reduction of a proton by loss of electrons from OH− is the simplest
redox chemistry that can occur in a sprayed microdroplet and there-
fore is the primary focus of this work.

Here, we investigate whether the electron transfer process in Eq.
(3) becomes more favorable in charged microdroplets, thus providing
an explanation for the experimentally observed redox chemistry such
as the production of H2O2. Using simulated nanodroplets, we indeed
find that, at between∼20% and ∼50% of the Rayleigh limit39 (i.e. the

maximum charge a droplet can stably accommodate), the hydration
enthalpies of OH− and H+ have decreased to the point that the reaction
becomes thermodynamically favorable. We then compute the VIE of
OH− as a function of charge to show that the electron transfer process
becomes more favorable with increasing charge. Analogously, we
compute the vertical electron affinity (VEA) of H+ and show that it is
greatly enhanced in positively charged droplets compared to the
neutral case. Finally, while this work utilizes nanodroplets, we present
well-defined scaling arguments to show that these results hold and are
quantifiable at the microdroplet length scale.

This work emphasizes that the reaction thermodynamics in
charged droplets, especially of redox reactions, are not the same as
those occurring in bulk solution. We suggest that the mechanism
proposed here explains both H2O2 production and the accelerated
organic redox chemistry that occurs in charged microdroplets gen-
erated with sonication, electrospray, and gas nebulization experi-
ments, including a water anion that has been observed recently10. In
addition, it is in principle possible to measure the VIE of OH− in a
charged droplet, and we hope these calculations stimulate future
experiments to test our predictions.

Results
Thermodynamics of electron transfer in charged droplets
For redox reactions to occur in water, the oxidation reactions typically
require the presence of OH• while the reduction reactions clearly
depend on the ease of electron transfer, both of which are limited by
an unfavorable free energy and possible competing reactions40, but
wouldmotivate why experiments observe simultaneous reduction and
oxidation of organic species. We have developed a quantum
mechanical-statistical mechanical cluster-continuum-charge embed-
ding model that provides estimates of the entropy and enthalpy
components of the hydration-free energy of hydroniumandhydroxide
ions in charged droplets.

It has been shown that the hydration entropy component is
determined almost entirely by the cavity produced by an ion or
radical41,42 as measured by its solvent accessible surface area (SASA)43.
We perform molecular dynamics (MD) simulations of neutral and
chargeddroplets of 4 nm radius containingH+ andOH− using a reactive
force field, ReaxFF/C-Gem44,45. ReaxFF/C-Gem has been extensively
validated against experiment for pure water properties44 and surface
tension (seeMethods), proton hoppingmechanisms in bulk water and
in reverse micelles46,47, and relevant here the correct partitioning of H+

and OH− to surface and bulk regions, respectively48–50. From the reac-
tive force field simulations we harvest large ion-containing water
clusters, XðH2OÞn, where n = 35 and X=H+ or OH−, which is much larger
compared to many cluster calculations that typically use between 5-15
explicit solvent molecules51–53. Using the harvested ion clusters from
the simulations with net droplet charge, Supplementary Note 2 shows
that there is not a statistically discernible change in SASA for OH−while
for H+ the SASA increases by only 4%. This is consistent with the
observation that hydration entropy is similar for ions and neutral
radicals54. Hence the hydration entropy is unaffected by excess char-
ges in the environment and the thermodynamic free energy is there-
fore dominated by the hydration enthalpy.

We compute hydration enthalpies using the thermodynamic cycle
developed by Bryantsev and co-workers, which has been successfully
applied to the calculation of ion solvation free energies55.

ΔHðnÞ
hyd: =ΔH

ðnÞ
gas½X�+ΔΔHðnÞ

solv:½X� ð4Þ

where X=OH− or X=H+ and the hydration enthalpy of a solvated species
ΔHðnÞ

hyd:½X� is expressed as a sum of two quantities. The first, ΔHðnÞ
gas½X�, is

the change in enthalpy of XðH2OÞ35 compared to the enthalpy of just
ðH2OÞ35 in the gas-phase. The second term,ΔΔHðnÞ

solv:½X�, is the difference
in solvation energy of an XðH2OÞ35 and ðH2OÞ35 cluster in water.
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The solvation energy is the change in energy when moving a cluster
from the gas-phase to the condensed phase. Note that the solvation
enthalpy will be different when solvating an ion in a neutral droplet
thanwhen solvating it in a droplet with additional OH− or H+ ions, which
is what we quantify here. Hence we evaluate the hydration enthalpy of
both H+ and OH− in neutral and charged nanodroplets to determine if
there is a tipping point when the electron transfer process in Eq. (3)
goes from unfavorable to favorable. These quantities are calculated
from the XðH2OÞ35 clusters that are now treated quantummechanically
(QM) with the ωB97M-V/aug-cc-pVDZ level of theory56,57 (including
corrections for basis set superposition error). The QM cluster is then
electrostatically embedded in a continuum model to account for any
remaining polarization, as well as including Gaussian charges of the
ReaxFF/C-Gem model to account for long-ranged permanent electro-
statics. More details are provided in Methods.

Tables 1 and 2 provide our calculated hydration enthalpies of the
OH− and H+ species as a function of excess ions. The first validation of
our theoretical model is that ΔHhyd[OH

−] +ΔHhyd[H
+] sums to

389.3 ± 3.3 kcal/mol for single ions, in excellent agreement with
experimental values of 389 ± 1 kcal/mol38. However, there is no
experimental consensus on the single-ion hydration enthalpies of H+

and OH− since they are not directly measurable quantities.
Tables 1 and 2 instead provides three commonly quoted values from
Schmid58, Marcus59, and Tissandier60. The values from Tissandier are
determined from extrapolation of ion-cluster data while those of
Marcus are based on electrochemical measurements used to infer the
absolute hydration enthalpy of H+. The values of Schmid rely on the

assumption that the standard hydration entropy of H+ and OH− are
equal. Ultimately, some kind of assumption must be made to produce
a single-ion hydration enthalpy, and these reasonable but different
assumptions result in a wide range of values.

Previous calculations of single-ion hydration enthalpies or free
energies were typically performed on cold ion-water clusters that
included vibrational corrections only at the harmonic level35,38,55,61 or
MD sampling of configurations of water around H+ and OH− using ab
initiomethods where convergence is an issue62,63. However, it is known
that many structural descriptors of water clusters, ðH2OÞn, only
approach convergence by around n = 3064, which is much larger than
the typical cluster sizes used in the aforementioned cluster-continuum
calculations. Perhaps unsurprisingly, those papers tend to report
single-ion solvation energies in better agreement with the experi-
mental values of Tissandier60, which are derived from small ion-water
cluster data. Our use of a reactive force field naturally includes
anharmonic vibrational contributions to the enthalpy, combined with
electronic structure calculations on large clusters ðH2OÞ35, thereby
overcoming the finite size effects from which ab initio MD suffers. For
these reasons, we consider that our calculations provide evidence in
favor of the hydration enthalpies reported by Marcus59, which are
derived from solution data based on electrochemical measurements.

Having demonstrated the accuracy of our approach based on
single ion data, we now are in a position to evaluate the hydration
enthalpy changes when the nanodroplet environment becomes
increasingly charged. In our MD simulations, we keep the net charge
below the Rayleigh limit, qmax, which describes the maximum charge
that can be accommodated by a spherical droplet before Coulomb
repulsion overcomes surface tension and breaks the droplet apart:

qmax =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
64π2ϵ0γR

3
q

: ð5Þ

The Rayleigh limit depends on the droplet radius, R, and the surface
tension, γ; ϵ0 is the permittivity of free space. For the 4nm radius
droplets studied here, the Rayleigh limit occurs at qmax ≈ 32 based on
the surface tension of 72 mN/m for water. Hence the thermodynamic
analysis and scaling arguments will be analyzed in terms of droplet
charge states that are viable before reaching the Rayleigh limit. As also
seen in Tables 1 and 2, the hydration enthalpy for both OH− and H+

shifts dramatically as the charge increases. But the most important
point is to determine when the decrease in hydration enthalpies of
both OH− and H+ are large enough to overcome the 107 kcal/mol bar-
rier at which Eq. (3) becomes spontaneous. This depends on whether
the reaction occurs within a single droplet or across two droplets, as
illustrated in Fig. 1, as different thermodynamic pathways are possible
depending on the fission process.

Figure 1a, depicts separate droplets with an excess of either H+ or
OH− and a small remaining concentration of the appropriate counter-
ion such that the reaction could happen within a single droplet.
According to Tables 1 and 2, just over 12OH− ions (~40%of the Rayleigh
limit) or just below 16H+ ions (~50%of theRayleigh limit) is sufficient to
overcome the 107 kcal/mol barrier described in Eq. (3). Two issues
arise in regards the single droplet with a mixed charge mechanism.
First, is that the 40% to 50% of the Rayleigh limit is likely an under-
estimate of the true crossover since H+ or OH− is more stable in an
oppositely charged droplet, and thus the barrier in Eq. (3) may not be
overcome until greater charge imbalance within a single droplet is
reached. Second is a competing pathway whereby OH− and H+ would
simply recombine to formH2Oversus electron transfer to produceOH•

and H•. In general, the electron transfer is expected to be a faster
process than ion diffusion such that the single-droplet mechanism
depicted in Fig. 1a should be possible.

A second mechanism involves electron transfer between two
droplets, each with excess charges of opposite sign. This situation
could arise just after a droplet breaks up or if two droplets of opposite

Table 1 | Calculated hydration enthalpies of OH− in droplets of
increasing total charge with a 4-nm radius

Num OH−
ΔHðnÞ

gas½OH�� ΔΔHðnÞ
solv:½OH�� ΔHðnÞ

hyd½OH��
Expt. -13058/ -12659/ -11760

1 −100.9 −24.2 −125.7 ± 2.3

4 −98.7 7.3 −91.2 ± 2.9

6 −99.1 26.1 −73.6 ± 2.9

8 −100.6 39.2 −62.0 ± 3.0

12 −96.0 73.6 −23.0 ± 3.4

16 −96.6 106.9 9.7 ± 4.1

Note that the ΔHðnÞ
hyd ½OH�� column contains a PV term of −0.59 kcal/mol arising from the dif-

ference in volume of an ideal gas and the final density of the liquid. ΔHðnÞ
gas ½OH�� contains a

correction for basis set superposition error (BSSE). Uncertainties are bootstrapped standard
errors in the mean of each hydration enthalpy. We report three representative experimental
references which are discussed further in the main text.

Table 2 | Calculated hydration enthalpies of H+ in droplets of
increasing total charge with a 4-nm radius

Num H+
ΔHðnÞ

gas½H+ � ΔΔHðnÞ
solv:½H+ � ΔHðnÞ

hyd½H+ �
Expt. Expt. -25858/ -26359/ -27260

1 −234.4 −28.6 −263.6 ± 2.4

4 −231.1 0.7 −231.0 ± 2.7

6a −231.9 13.9 −218.0 ± 2.6

8 −232.7 27.1 −206.2 ± 2.4

12 −239.1 59.8 −179.9 ± 2.4

16 −238.4 92.6 −146.4 ± 2.4

Note that theΔHðnÞ
hyd ½H+ � column contains a PV termof −0.59 kcal/mol arising from thedifference

in volume of an ideal gas and the final density of the liquid. ΔHðnÞ
gas ½H + � contains a correction for

basis set superposition error (BSSE). Uncertainties are bootstrapped standard errors in themean
of each hydration enthalpy. We report three representative experimental references which are
discussed further in the main text.
aReported numbers for 6 H+ are linear interpolations of the 4 H+ and 8 H+ entries.
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charge collide. According to Tables 1 and 2, when there are 8 OH− ions
in our simulated droplets the shift in ΔHðnÞ

hyd½OH�� is 63.7 kcal/mol,
while for 8 H+ ions the shift in ΔHðnÞ

hyd½H+ � is 57.4 kcal/mol, resulting in a
total shift of 121.1 kcal/mol that ismore than sufficient to overcome the
unfavorable thermodynamics of Eq. (3). In fact the cross-over point to
overcome the 107 kcal/mol barrier to electron transfer is sufficient
with 6 OH− and 8 H+, in which the total shift in hydration free energy is
109.6 kcal/mol. A droplet with 6–8 charges corresponds to ~20–25% of
the Rayleigh limit, which is certainly achievable in experimental lab
conditions. The two droplet mechanism provides another reasonable
alternative, or could be happening simultaneously with the single
droplet case. In either case the electron transfer process is mechan-
istically possible in aqueous microdroplets.

Stabilization of OH• and H• radicals
For microdroplet charge states below the Rayleigh limit, we evaluate
the VIE of OH− and VEA of H+ as both are useful measures of how
droplets gain stability by decreasing their charge. The VIEs calculated
using our theory as a function of charge are shown in Fig. 2a, and
illustrate the important point that electrons are much more weakly
bound to OH− in a charged environment. Fig. 2b shows that electrons
are strongly attracted to H+ in a positively charged droplet since the
additionof an electrondecreases the total droplet charge. Hencewhile
a single excessOH−orH+ has a very small effect on the computedVIE or
VEA, the effect of further excess charges is quite dramatic in lowering
the VIE and making the VEA more favorable. Figure 2c shows that the
average shifts in the VIE and VEA follow an unscreened Coulomb
repulsion startingwith 4OH−or 4H+ ions inwhich theVEA trend isfit to
Coulomb’s law with ϵ = 1 while the fit to the shift in VIE trend yields
ϵ = 1.3. The small differences in apparent dielectric constant mostly
reflect the differences in ion distributions of H+ andOH− in the droplet.
The shift in VEA is well-modeled by a completely unscreened Coulomb
repulsion sinceH+ ions are primarily at the surfacewhere the dielectric
constant is known to rapidly approach the vacuum value of ϵ = 165. The
shift in the VIE is likely better fit by ϵ = 1.3 since OH− presides both near
the surface and in the bulk region where some screening is operative.

The dielectric constant that emerges of 1.0 and 1.3 take into
account not only the screening on the electronic process (embodied in
the optical dielectric constant of 1.77), but also implicitly includes the
molecular responseof dipole reorientation around theOH− andH+ ions
(which dominates the static dielectric constant of ~ 78). This is because
the embedded charges from the MD used in the ab initio calculations
come from water arrangements that reflect the dipole orientation
response around the ions. This is consistent with the fact that for the 2
OH- calculations the VIE is shifted less than one would expect if we
referenced the optical dielectric constant of 1, since the embedded
charges did provide screening that is more consistent with a dielectric
constant of 80.

But starting with 4 OH− or 4 H+ ions, the shifts in the VIE and VEA
with increasing droplet charge imply that there is a rapid onset of
dielectric saturation, in which the static dielectric constant of water
decreases because water molecules in the presence of ions cannot
rearrange their dipoles to screen out large numbers of ionic
charges66,67. While our calculations do not describe the water response
to the neutral radical, this can be neglected as the water response to
multiple ions is thedominant effect, and is accounted for in our theory.

For bulk ionic solutions, the Kirkwood-Booth equation68,69 which
models the variation in dielectric constant of water under external
fields, predicts that anappliedfieldof 5MV/cmdecreases thedielectric
constant of water by ~50%. Simulations have reported that in the
immediate vicinity of a single ion in water, the dielectric constant
drops to 1 since the first solvation shell is immobilized by strong ion-
water interactions, and decays back to the homogeneous bulk value
within 1 nm70. Depending on the specific ions being considered, the
dielectric constant can decrease by half in 5M salt solutions67. Addi-
tionally, nano-confined water has been shown to develop an asym-
metric dielectric profile where the dielectric constant perpendicular to
a surface is decreased significantly71,72. This effect and more modern
literature attribute dielectric saturation as arising from the loss of
dipolar correlations in water. For example, in the presence of salt the
water hydrogen-bond network is disrupted by the presence of hydra-
tion shells of the ions73, which in turn suppresses the collective

Fig. 1 | Schematic illustration of two mechanisms for redox chemistry in
charged microdroplets. The ultrasonication, electrospray, as well as gas neb-
ulization process forms microdroplets via fission processes that create micro-
dropletswith a net charge such that redox reactions have different thermodynamic
pathways that become viable. a According to Tables 1 and 2, within a net-charged
droplet containing residual quantities of the counter-ion, an excess of 12 OH- ions

(~40% of the Rayleigh limit) or 16 H+ ions (~50% of the Rayleigh limit) are sufficient
to overcome the thermodynamic barrier described in Eq. 3. b According to
Tables 1 and 2, two charged droplets that are near enough so that electrons are
transferred from the negative to positive droplet requires an excess of only
8 OH- ions and 8 H+ ions (~20–25% of the Rayleigh limit) to overcome the ther-
modynamic barrier.
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dielectric response. This situation is similar to our net charged dro-
plets in which the overall dipole fluctuations are dominated by the
rearrangement of net charge in the droplet, and further exacerbated
by the presence of an interface that also breaks up the dipole corre-
lations observed in the bulk solvent. Therefore, there is precedent for
large decrements in the apparent dielectric constant in the presenceof
ions for aqueous systems.However in the caseof chargeddroplets that
arise from electrospray or sonication, there is a net imbalance of
charge such that dielectric saturation occurs much more readily than
in ionic solutions.

Finally, note that the charge-transfer-to-solvent (CTTS) transition
forOH−occurs at 6.63 eVor 153 kcal/mol74. Thismeans that every VIE in
Fig. 2 below a value of about 50 kcal/mol can barrierlessly undergo a
CTTS transition. This would indicate that around 50-60% of the Ray-
leigh limit the equilibrium constant for Eq. (1) is near 1. We suspect this
is truebecause the valence bandofOH−will bedramatically affectedby
surrounding charges while the conduction band of water should be
affectedmuch less by the excess charges. This illustrates thedrastically
different behavior of charged droplets from neutral systems and why
one should expect unusual chemistry, especially redox chemistry, to
be prevalent in electrosprayed or sonicated droplets.

Extension from charged nanodroplets to microdroplets
It is important to address the relevance of our theory to experiments
where the droplets are on the scale of micrometers instead of nan-
ometers. When increasing the size of a charged droplet, there are two
factors to consider. First, the maximum allowed charge concentration
decreases as droplet size increases, in accordance with the Rayleigh
limit. Second, while the charge concentrations in nanodroplets exceed
theRayleigh limit formicron-sized droplets, the Coloumbic energy per
charge also increaseswith systemsize. Aswehave shown that the shifts
in VIE, VEA, and hydration enthalpy are controlled by Coulombic
interactions, it stands to reason that similar shifts in these quantities
will occur in larger droplets if the Coulombic interaction energy is
the same.

To examine this point, we first analyze how the Coulombic
interaction energy changes with the charge density ρc and droplet
radius R. The average Coloumbic interaction energy Ec of a charge will
be:

hEci
Nc

=4πρc

Z R

0
r2gðrÞuðrÞdr, ð6Þ

Fig. 2 | VIE ofOH− ions andVEAofH3O+ ions and their relation to anunscreened
Coulomb potential as a function of nanodroplet charge. a Computed vertical
ionizationenergies (VIEs) ofOH− for 100configurations ofOH− surroundedby6Åof
explicit solvent. The rest of the environment is represented with embedded char-
ges taken from ReaxFF/C-Gem simulations and hence includes both dielectric
screening and the effect of excess charges. The legend shows the average VIE for
each droplet. The thick vertical dashed line shows the experimental VIE for 0.1M
NaOH and the thin dashed lines show themeasured full-width at half maximum93. A
gaussian kernel is applied to each distribution for smoothing. b Same as a except

for the vertical electron affinity (VEA). Note that, by convention, the VEA is a
positive number when energy is released upon addition of an electron. No
experimental measurements of this quantitiy are available. c The y-axis shows the
shift in the VIE and VEA. The curves are Coulomb’s law for the repulsion of singly-
charged ions in atomic units, E = 1/ϵR. The value of ϵ is fit to the data. The x-axis,
1=hPR�1

OOi, is the inverse of the average sum of inverse distances between each ion
taken from our simulations. This quantity computes the effective ion-ion distance
as if there were only one additional ion in the system.
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where g(r) is the radial distribution function and Nc is the number of
charges.Quantitatively evaluating this equation requires knowledge of
g(r), however, sincewe aremainly interested in the scaling behavior for
large droplets, we take g(r) = 1, which is always true at long range.
Because u(r) = 1/r for charges interacting via Coulomb’s law (in atomic
units), we can write:

hEci
Nc

/ ρcR
2 ð7Þ

Thus the Coulomb energy increases quadratically with the radius of a
droplet. This scaling is well known75, and results from the long-range
nature of Coulombic interactions.

Next, we examine the change in the Rayleigh limit. By dividing the
Rayleigh limit (Eq. (5)) by droplet volume, we find that themaximum ρc
for a droplet of radius R scales as

ρmax,c / R�3=2: ð8Þ

Substituting this charge density into Eq. (7), we find that:

hEcðρc = ρmax,cÞi
Nc

/ R1=2 ð9Þ

Thus the Coulombic energy per charge at or below the Rayleigh limit
increases with droplet size, which implies that there is greater VIE
lowering and increased favorable VEA even at themicron scale. This in
turn indicates that the electron transfer reaction in Eq. (3) is favorable
in microdroplets at charge concentrations well below the
Rayleigh limit.

This scaling argument is consistent with the repeated observation
that charged droplets near the Rayleigh limit break down by emitting
between 1-5%of theirmass but around 20-50%of their charge76–78. I.e. a
large droplet at the Rayleigh limit emits many very small droplets
which have a higher charge density than the original droplet. The
scaling arguments made here also explain why smaller droplets are
able to accommodate a higher charge density while remaining below
the Rayleigh limit. This analysis requires us to assume that ionmotions
are uncorrelated, which is true at long range, such that the proposed
mechanism for H2O2 production is definitely plausible.

Discussion
Experiments have observed that many redox reactions are accelerated
in aqueous microdroplets, as well as many organic reactions that are
found to occur in droplets but do not occur in the bulk liquid. In this
work we consider a class of reactions in which the observed oxidation
typically occurs viaOH• and theobserved reductions clearly dependon
electron transfer, which we have shown becomes thermodynamically
favorable in charged droplets well below the Rayleigh limit that is
relevant to hydrogen peroxide formation for example. Based on the
success of our calculations in reproducing two well-known experi-
mental quantities, the hydration enthalpy and VIE of single ions, we
predict that water droplets with excess charge at ~ 20–50% of the
Rayleigh limit makes Eq. (3) spontaneous. We interpret our large shifts
in VIE/VEA from high-quality electronic structure calculations as evi-
dence that in the presence of excess charges, water is unable to screen
out the field of other like charges, resulting in an apparent dielectric
constant of nearly 1 that is unlike that of bulk ionic solutions that have
counter charges. Hence the VIE/VEA shifts we measure ought to sti-
mulate generalizations of existing dielectric theories of ionic solutions
to the case of charged liquids.

The fact that the electron transfer from OH− to H+ is favorable for
the crucial step of radical formation supports the production of H2O2

that hasbeenobserved inmicrodroplets preparedwith ultrasonication
and gas nebulization13,14, albeit at lower concentrations thanpreviously

reported79,80. Furthermore, the conclusions drawn from nanodroplet
calculations are fully extensible to the tens of microns lengthscale of
real experiments. In particular, in the long-range limit, one should
expect the sameCoulomb repulsion per ion at a smaller fraction of the
Rayleigh limit. This means that the electron transfer processmeasured
by the VIE and VEA will become thermodynamically favorable in large
and charged droplets before the Rayleigh limit is reached. In conclu-
sion, our work provides a thermodynamic explanation for why many
organic redox reactions are accelerated in microdroplets, especially
those that result in the addition of hydroxyl radicals or formation of
anion radicals6,10,11. Our work is also relevant to the recent observation
of reduction of inorganic cations in sprayed water droplets7,12.

Methods
For the cluster-continuum model, we generate ion-water clusters by
running molecular dynamics simulations on droplets of water with a
4 nm radius using the ReaxFF/CGeM reactive force field which has
proven successful in modeling the energetics and dynamics of H+ and
OH−44,45. From these simulations we harvest 100 configurations of
XðH2OÞ35 from a simulation of a neutral droplet, as well as charged
droplets prepared with 1, 2, 4, 6, 8, 12, and 16 OH− ions as well as 1, 4, 8,
12, and 16 H+ ions. PACKMOL is used to generate initial conditions for
all droplets81. All simulations are equilibrated at 293K for 1 ns, then an
additional 250 ps of simulation time is used to harvest the configura-
tions. All configurations are chosen at random without replacement.
Simulations of the same conditions, but with no solute present (i.e., a
purewater droplet), are used to extract 200 configurations of ðH2OÞ35.

To further validate theReaxFF/CGemmodel,wehave computed its
surface tension using 512 and 1024 water molecules in a slab geometry
with the computational procedure reported byMuniz and co-workers82.
We find the computed surface tensions to be 60 mN/m without long-
ranged corrections, and 64 mN/m with an analytical correction pro-
posed by Vega83, in reasonable agreement with the 72 mN/m from
experiment and for fixed charge as well as polarizable models of
water83–85. Further details are provided in Supplementary Note 1.

With all of these configurations as a function of droplet charge in
hand, we compute the energy of the clusters taken from simulation at
the ωB97M-V/aug-cc-pVDZ level of theory using Q-Chem56,57,86. Then,
the binding energy contribution to the enthalpy can be written as,

ΔHðnÞ
gas½X�= hE½XðH2OÞn�i � hE½ðH2OÞn�i � E½X� ð10Þ

where hE½XðH2OÞn�i is the average energy of the 100 XðH2OÞ35 clusters
taken fromourMD simulations and hE½ðH2OÞn�i is the same for the 200
ðH2OÞ35 clusters. E[X] is the gas-phase optimized energy of the ion X.
Notice that ΔH(n)[X]g is the average difference in binding energy of the
unrelaxed ion-water clusters and water clusters. This means we
naturally capture the vibrational contributions to the enthalpy
including anharmonicity. This is one advantage of our approach over
cluster-continuummodels which rely on locating the global minimum
structure. Our approach also naturally includes the cavitation energy.

The solvation contribution is computed using a combination of
polarizable continuum calculations with the COSMO model87 and
charge embedding. COSMO enables us to capture the cluster-
continuum polarization, but is incapable of describing the excess
charges in the environment. In order to capture the contribution of
excess charges, we compute the solvation energy using embedded
charges taken from the CGeM model which are represented as point
charges in the electronic structure calculation. The shift in solvation
energy is then described as the difference in point-charge embedded
solvation energies for the single-ion case and the multiple-ion case.

ΔHðnÞ
solv:½X�= hE½XðH2OÞn�icosmo + ðhE½XðH2OÞn�Þik � hE½XðH2OÞn�Þi0Þ

ð11Þ
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where k is the net charge. We can then compute the final solvation
contribution to the hydration enthalpy as,

ΔΔHðnÞ
solv:½X�=ΔH

ðnÞ
solv:½X� � hE½ðH2OÞn�icosmo ð12Þ

The total enthalpy of hydration described by Eq. (4) reported in the
main text is then the sum of the results of Eqs. (10) and (12). Note that
we do not include a much discussed state correction55,88 which has
given rise to confusion, because it only arises in the entropy term.

We also compute a correction for basis set superposition error
(BSSE)which is included inour hydration enthalpies.Wedo this using a
pairwise approximation of the usual counterpoise correction89, as
validated in past work for both water clusters90 and ion-water
clusters91. The reason we use a pairwise approximation to BSSE is
that computing a full counterpoise correction for a cluster of 35
molecules requires a full system calculation and 35 calculations with
the entire set of basis functions. This is computationally demanding
and instead an estimated correction of just a couple of kcal/mol will be
sufficiently accurate without need for the brute force calculation. Full
details of our approach to correcting for BSSE can be found in Sup-
plementary Note 3.

Finally, to gain insight into the electron transfer process which
might occur in these reactions, we compute the vertical ionization
energy (VIE) of OH− in these same charged droplets.

EVIE½OH��= E½OH�ðH2OÞn� � E½OH�ðH2OÞn� ð13Þ

When computing the VIE, we make two minor modifications to
the protocol for computing hydration enthalpies. First, we use an
aug-cc-pVTZ basis set on OH− and OH• while using aug-cc-pVDZ
for the surrounding solvent. Second, rather than using a fixed
number of waters, we use a fixed radius of 6 Å to sample the
explicit solvent neighboring OH−. We use charge embedding with
charges taken from the MD simulations to describe the environ-
ment surrounding the ion-water cluster. We do not use the same
solvation approach as for the hydration enthalpy case since any
errors at the edge of the cluster will cancel almost perfectly since
the VIE is a difference in energy of the same cluster with different
charge. Additionally, we always compute the gas-phase VIE and
use the orbitals from each of these calculations as the initial guess
orbitals for the calculation with explicit charges. This ensures that
ionization occurs from OH−, which we can validate by looking at
the mulliken spin density on OH•. This overall approach to
computing VIEs, including the choice of functional and basis set,
has been applied successfully to many other ions92.

We also compute the vertical electron affinity (VEA)which is given
by,

EVEA½H3O
+ �=E½H3O

+ ðH2OÞn� � E½H3O
�ðH2OÞn� ð14Þ

We follow the same protocol as just described for the VIE when com-
puting the VEA. The only difference being that we place aug-cc-pVTZ
basis functions on the atoms of the central H3O

+ ion. Notice that theway
we have written Eq. (14) follows the sign convention that a positive
numbermeans the radical state is lower in energy than the cationic state.

It should be noted that we compute vertical quantities, as
opposed to adiabatic ones, which means the VIE and VEA calculations
do not account for solvent relaxation upon detachment and attach-
ment of electrons, respectively. This removes the need to model the
dynamics of solvated radicals. Additionally, VIEs are experimentally
measurable sowe can use the VIE calculations to confirm the reliability
of our methodology (a posteriori). Note that our hydration enthalpy
calculations do, of course, account for solvent response to the pre-
sence of an ion.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The coordinates of atoms andembedding charges used in all electronic
structure calculations are available at https://figshare.com/projects/
Charged_Microdroplets/193307. Source data for Tables 1 and 2 and
Fig. 2 are available with this manuscript. Source data are provided with
this paper.

Code availability
All analysis scripts are in a private github repo but are available upon
request.
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