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Can electric fields drive chemistry for an aqueous
microdroplet?
Hongxia Hao 1,2,3, Itai Leven1,2,3 & Teresa Head-Gordon 1,2,3,4,5✉

Reaction rates of common organic reactions have been reported to increase by one to six

orders of magnitude in aqueous microdroplets compared to bulk solution, but the reasons for

the rate acceleration are poorly understood. Using a coarse-grained electron model that

describes structural organization and electron densities for water droplets without the

expense of ab initio methods, we investigate the electric field distributions at the air-water

interface to understand the origin of surface reactivity. We find that electric field alignments

along free O–H bonds at the surface are ~16MV/cm larger on average than that found for

O–H bonds in the interior of the water droplet. Furthermore, electric field distributions can be

an order of magnitude larger than the average due to non-linear coupling of intramolecular

solvent polarization with intermolecular solvent modes which may contribute to even greater

surface reactivity for weakening or breaking chemical bonds at the droplet surface.
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Recent exciting work has shown that seemingly simple water
droplets give rise to unexpected rate accelerations for
organic reactions by factors of one to six orders of mag-

nitude compared to the bulk liquid1,2. Understanding how water
droplets promote reactive chemistry has the potential for exer-
cising greater control of the microdroplet environment that
would permit synthesizing new compounds2–4, materials5, and
using electrosprayed droplets to accomplish chemical analysis6

and decontamination7,8, all in ways that aren’t currently possible
or well-optimized under conventional bulk reaction conditions.

Presently we do not fully know what makes water droplets
exceptional for accelerating reactions, and as such it is a current
and highly active area of investigation. Factors that may con-
tribute to the rate acceleration include concentration increases
due to solvent evaporation9, partial solvation of reactants2,10, gas-
phase channels11,12, changes in pH13, a localized dielectric con-
stant that deviates from bulk14, and favorable entropy changes
due to preferential orientations of the reactant molecules near the
surface15. There is experimental evidence that the droplet enables
or recruits a surface active species and/or the possibility that the
droplet charge state is driving the accelerated reaction
chemistry16–18. The exact identity of the surface active or charged
species is unknown19 and even the surface pH is still a matter of
debate20. Some recent work suggests that there are trace
impurities17,19, the presence of salts13 or bicarbonate from dis-
solved carbon dioxide21, while others suggest that it originates
from different affinities of H3O+ and OH− to the surface medium
surrounding the spherical droplet22,23.

But one of the primary and more fundamental hypotheses
about the interfacial features of a microdroplet is the presence of
strong electric fields that can align with chemically reactive bonds
to accelerate reactions relative to the bulk phase24. In particular
we and others have shown that good electric field E alignment
with the reactive bonds will accelerate the reaction by lowering
the transition state barrier, 4Gy or possibly raising the reactant
state energy through bond activation of a breaking bond of
interest24–30. Estimates of the required electric field strengths to
lower the activation energy in either scenario range from tens of
MV/cm for bond activation18 to several hundred MV/cm for
making or breaking strong chemical bonds or to induce redox
reactions24,28,31,32. However, quantifying electric fields at the air-
water interface is not straightforward, either experimentally or
theoretically, and very limited and/or conflicting evidence has not
fully established the magnitude of the surface potential and
related interfacial electric fields33–37.

In this work we have utilized a reactive force field model of
water, ReaxFF/C-GeM38,39, that explicitly models coarse-grained
electrons and thus the internal electronic charge distribution of
the water molecule40, and yet can well describe the structural
organization and dynamics of water for relatively large sub-
micron droplets over tens to hundreds of nanoseconds, size and
timescales that are not accessible with ab initio molecular
dynamics (AIMD). Here we use the model to simulate the electric
fields of large droplets of 80–160 Å in diameter to characterize
their field strengths at the air-water surface, and to evaluate the
electric fields for different charge states of the water droplets with
an excess of Na+ ions, Cl− ions, H3O+ ions, OH− ions and Na
+/Cl− ion mixtures. We find that electric fields at the surface are
larger and well-aligned with the free O–H groups at the surface
relative to electric field alignment for arbitrary water bonds in the
inner droplet. In particular we find field strengths that increase to
an average of ~16MV/cm, enough to activate strong bonds or
break weak chemical bonds, with a wide distribution of field
strengths that can reach an order of magnitude larger to drive
faster chemical reactions.

Our works shows that the nature of chemical reactivity at the
air-water interface is sensitive to both structural organization and
electronic organization at the interface34, with Lorentzian dis-
tributions of electric field strengths generated at the microdroplet
surface that arise from non-linear coupling of intramolecular
solvent polarization with intermolecular solvent dynamical modes.
We further suggest that the broader electric field distributions we
observe after projection onto the free O–H bonds at the surface
could be evidence of how the large number of droplets generated
in the electrospray process statistically sample with greater
field alignment along reactant bonds than the average electric field,
and further promoting reactive chemistry.

Results
It has been well-corroborated both experimentally and theoreti-
cally that the topmost water layer of the air-water interface is
organized with a majority of O–H dangling bonds pointing
toward the vapor phase41,42. Just beneath the topmost layer and
parallel to the instantaneous fluctuating surface there is a two-
dimensional hydrogen bond network43,44 that supports the “free
O–H” configuration. These structural and dynamical features of
the air-water interface, which has a thickness of ~2 solvation
layers deep44, will yield electric field signatures that are expected
to be distinct from the bulk-like interior of the droplet. Indeed,
the free O–H of the water molecules at the surface generates
asymmetric stretching frequencies that are highly sensitive to
their hydrogen-bonding structural and electronic environment
and/or presence of excess ionic charge. As such, they are also
direct reporters of surface electric fields as shown by Cooper et al.
using Infrared Photodissociation (IRPD) spectroscopy. In this
experiment, the measured Stark shifts are linearly proportional to
the local electric field at the surface45, and depend on both cluster
size and the absence or presence of ions and their identity46.

Figure 1A displays the experimental IRPD measurement which
shows that the neutral water and anionic water clusters exhibit a
red-shift of the free O–H band with increasing cluster size46–48,
whereas for positively charged cations there is a blue-shift of the
free O–H band when progressing to larger clusters, accompanied
by a transition in slope that correlates with the ion’s charge
(n= 100 and 30 for Ca2+ and Na+, respectively). This trend is
not reproduced using simple fixed charge models that instead
exhibits a linear function of the Stark shift with 1/r2 (Supple-
mentary Fig. 1), and is an important indicator that the surface
features of microdroplets arise from many-body effects such as
charge transfer40,49 and intramolecular and intermolecular
polarization50–52. Figure 1B verifies that the Stark shift trends are
very well captured by the ReaxFF/C-GeM model (although our
frequency range is too high compared to experiment), which is
relevant for not only the validation of the simulation model, but
plays an important interpretative role in analyzing the electric
field for large water droplets in terms of electron density, pro-
tonation states, and ion effects at the air-water interface.

Now we turn to much larger droplets of 40–80 Å in radius
(R40–R80)—large enough so that curvature effects are negligible—to
evaluate the electric field contributions from the inner droplet and at
the surface. The neutral water droplet charge integrates to zero and
thus it obeys Gauss’s law as shown in Fig. 2A, and further details are
provided in Supplementary Fig. 2 in regards the electric field cal-
culations that further establish expected theoretical limits. As seen in
Fig. 2B the surface potential determined with ReaxFF/C-GeM is
positive like AIMD but with a smaller magnitude of ~+1.0 eV.
ReaxFF/C-GeM is qualitatively different than classical force fields35

that yield a negative surface potential, because it can represent the
“mean inner potential” arising from the charge density of the

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27941-x

2 NATURE COMMUNICATIONS |          (2022) 13:280 | https://doi.org/10.1038/s41467-021-27941-x | www.nature.com/naturecommunications

www.nature.com/naturecommunications


interiors of water molecules34. To verify this, Supplementary
Tables 1 and 2 show the electric fields inside the water molecules are
very similar between ReaxFF/C-GeM and DFT (using the B97M-rV
functional53,54 with the TZV2P basis set in CP2k55), and any dif-
ferences in the interior electron density between the two are no
worse than variations among DFT functionals as reported by
Medvedev et al.56.

However the physical air-water interface, which has molecular
granularity and an asymmetric and heterogeneous charge dis-
tribution, fluctuates as seen in Fig. 2A. In particular, the accu-
mulated charge density increases in the L0 region to positive
charge values, then decreasing in the L1 region to net negative
charge density, before increasing rapidly again to positive charge
density. This behavior arises from the electronic shells that are
displaced such that the atomic cores are less shielded at the
outermost L0 surface, and resulting in an increase in the elec-
tronic density in the L1 region, and smoothing out to zero within
the droplet. This helps to distinguish the surface from the droplet
interior, so that we can analyze the electric fields by region in the
normal E? and parallel Ek directions to the surface. Figure 2C, D
confirm the expectation that the Ek

� �
contributions are zero.

Figure 2C shows that the “environmental” electric field con-
tributions from the inner droplet have no net orientational effects
to contribute to a surface enhanced electric field, and are Gaus-
sian distributed with relatively small variance.

But locally at the surface the electric fields exhibit an orienta-
tional preference for a surface normal as seen in Fig. 2D, with a
mean value of −8.9–9.2 MV/cm when averaged over electric
fields evaluated directly from grid points, or yielding −12.0 MV/
cm if taking the slope of the surface potential in Fig. 2B. Both
estimates from two independent calculations are in good agree-
ment with each other and in excellent agreement with a recent
Stark analysis of ~10MV/cm measured by Stimulated Raman
Excited Fluorescence (SREF) spectroscopy36. We note that when
we use DFT with its small system size and a slab geometry
(because a R40 droplet is not affordable with AIMD), the deri-
vative of the surface potential gives ~150MV/cm, but the electric
field sampled over a grid yields a value that is much smaller,
~50MV/cm (see Supplementary Fig. 5). We believe that this
numerical evidence indicates there is a problem of a finite size
effect in the QM calculations, i.e., the DFT result doesn’t show
consistency between the direct electric field calculation and the
derivative of the surface potential.

Nonetheless, Fig. 2D also shows that the electric fields at the
surface exhibit a non-Gaussian distribution, with a large variance
in field strengths of hundreds of MV/cm. This is a consequence of
the non-linear coupling of the intramolecular polarization of a
water molecule with the intermolecular solvent modes as antici-
pated by Matyushov and Voth50, as well as representing the large
electric fields arising from the sampling of the inner potential of
water molecules. What we learn from Fig. 2 is that there is a very
localized orientational preference for the surface normal for
electric fields whose magnitude is consistent with experimental
SREF measurements, but with strong heterogeneity such that
electric fields can be ~30X larger than the average which is a
magnitude consistent with previous experiments37 and ab initio
studies33,34.

In regards an additional surface-active species, we consider an
excess of cationic species in the form of 24 H3O+, or an excess of
anions using 24 OH− (~88% of the Rayleigh limit for the R40
droplet) as given in Fig. 3. The ion distribution profiles are provided
in Supplementary Fig. 6, and show that H3O+ ions have a greater
propensity for the surface while the OH− ions are better mixed and
are distributed throughout the surface and inner droplet region.
With an excess of 24 H3O+ the small charge density increases seen
in Fig. 3A are consistent with the larger Stark shifts seen with small
nanodroplets in the presence of cations, whereby electron density
displaces toward the hydronium charge and deshields the hydrogen
of the free O–H at the surface to create an even larger positive
surface potential compared to pure water. By contrast an excess of
OH− anions push greater electron density onto the exposed O–H
bond at the surface such that the magnitude of the Stark shift is
found to be smaller due to a reduction of the positive surface
potential. But the interplay between polarization effects whereby the
coarse-grained electrons organize differently in the L0 vs. L1 region
are compensated by structural variations of the nuclear centers as
well, yielding very little difference in the integrated electric field
profiles. At best local electric fields introduced by the ions slightly
shifts the average to slightly lower electric field average for H3O+

ions (Fig. 3B) and slightly higher electric fields for OH− (Fig. 3C).
Similar trends are observed for excess Na+ and Cl−, or corre-
sponding salt mixtures (Supplementary Table 3 and Supplementary
Fig. 7). While the electric field shifts we observe in the presence of
ions with respect to bulk water are small due to electrostatic
screening, closer to the ions the electric fields can be quite large. In
addition we also note that the effective concentration of ions is still

Fig. 1 Frequencies of the AAD free OH bands from spectra of (H2O)n and M(H2O)n. Here we compared experiments and theory for M= Ca2+, Na+, I− and
Cl− as a function of n−2/3, which is proportional to 1/r2 where r is the droplet radius. A Experimental results from IRPD spectroscopy; adapted with
permission from the Royal Society of Chemistry46. B Results using the ReaxFF/CGeM force field.
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quite small and a proper modeling of the electrospray process in
regards charge fragmentation is warranted in future work.

To further analyze the effect of the electric field that can
potentially catalyze chemical reactions and break chemical bonds
in a microdroplet, we project the electric fields onto the O–H
bond vector of water molecules in the inner droplet and onto the

free O–H bond at the surface (Fig. 4, and Supplementary Fig. 8
for the sodium and chloride ions). In this case the electric field
grid points within 1 Å of any atom of the molecule onto which we
project is eliminated from the electric field in order to measure
the external electric field on the chemical reactivity. For a pure
water droplet, or in the presence of charge, the surface free O–H

Fig. 2 Interfacial electric fields for pure water droplets. A Cumulative charge density using the ReaxFF/C-GeM model. The inset shows a cross-section of
the droplet with a 40 Å radius with the surface waters depicted in gray as measured for the instantaneous surface. The green dotted lines pertain to
definitions of L0 and L1 regions. B The variations in surface potential by radial regions in the R40 water droplet. C Inner water droplet contributions to the
electric field at the surface are negligible and show a Gaussian distribution. D Electric field distributions at the surface are seen to be Lorentzian as
measured over L0-L1. The electric field is largest in the normal direction to the interface. Here we use a grid resolution of 1.0 Å, although the results are the
same with a finer 0.25 Å resolution (see Supplementary Fig. 4A).

Fig. 3 Interfacial electric fields of droplets in the presence of excess hydronium and hydroxide ions. A Cumulative charge density for pure water and in
presence of excess H3O+ or OH−. The Lorentzian signatures of the electric fields normal to the surface for the R40 water droplet with (B) H3O+ and (C)
OH− corresponding to 88% of the Raleigh limit.
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bonds are more destabilized due to an average projected electric
field of an ~16MV/cm compared to the interior droplet water
molecules.

The significance of ~16MV/cm increase in field strengths
when projected onto bonds at the air-water surface would cor-
respond to lowering an energy barrier, and the impact on che-
mical transformations would depend on the type of bond being
broken and whether they are close to ions if they are present. The
transition state lowering can be estimated in a number of ways30,
but here we consider a simple bond dipole-field model57,58

4Gy ¼ � ∑
reactive
bonds

μTSy � ðEsurface � EinteriorÞ ð1Þ

for breaking a water bond. We estimate the bond dipole in the
transition state to be 2.75 D (~25% larger than the 2.2 D in the
ground state) yielding a free energy lowering of ~2.1 kcal/mol,
which in the exponential would increase the equilibrium constant
of water or the rate of reaction by 1–2 orders of magnitude. The
much wider wings of the Gaussian as seen in the electric field
projections on surface bonds in Fig. 4 potentially increases the
odds for chemical bond weakening or dissociation relative to bulk
water, which may be relevant in the electrospray process that
generates a large number of droplets of various charge states.

Discussion
Electric fields are highly sensitive to both the nuclear arrange-
ments of water molecules at the surface as well as the electron
density response at the air-water interface that may be a vital clue
to understanding the reactive chemistry of microdroplets. The
surface potential and its derivative property, i.e., electric fields, at
the air-water interface has been difficult to reconcile by experi-
ment and theory. Some of the issues experimentally are challenges
of sensitivity to and spatial resolution at the interface, the choice
of appropriate optical or spectroscopic probes, and differences in
whether or not the measurements also sense the internal elec-
tronic distribution of the water molecules33–35. Theoretically,
Leung33, Kathmann34, and later Cendagorta and Ichiye35 have
highlighted the different assumptions made by ab initio methods
vs. classical force fields in the evaluation of surface potentials and
electric fields and the experiments used to validate them. Point-
charge models only probe the charge density outside of the water

molecules, and represents what Kathmann calls the “electro-
chemical potential”, because the probe is excluded from the
interior of the water molecules and thus measures lower surface
potentials of (typically) negative sign. AIMD using Density
Functional Theory also has contributions from the “mean inner
potential” by averaging over all space that includes the electron
density of the interiors of the water molecules, and yields higher
interfacial electric field strengths of positive sign33,34. The AIMD
results are consistent with electron holography experiments that
sense the electronic density within the solvent molecules37, and
thus appear to more heavily weight the mean inner potential,
unlike classical force fields that don’t have a contribution from
the mean inner potential at all. The ReaxFF/C-GeM yields a
positive surface potential like AIMD because it also represents the
“mean inner potential” due to charge density of the interiors of
water molecules with an error no worse than found by variations
in DFT functional56.

However the AIMD system sizes are too small and thus show
inconsistency in the electric fields calculated on a grid vs. taking the
derivative of the surface potential, whereas the ReaxFF/C-GeM
model38 yields consistent average surface electric field values of
approximately −10.0MV/cm by both methods. Our results are in
excellent accord with the electric field magnitudes from SREF
experiments of neutral droplets36 and show good accord with
infrared measurements at the surface of small charged water clusters
containing simple inorganic ions46. Because the mean inner
potential is important, it manifests as a Lorentzian distribution of
electric field strengths due to non-linear coupling of intramolecular
polarization with intermolecular solvent modes that represent these
higher electric fields. We further suggest that the broader electric
field distributions we observe after projection onto the free O–H
bonds at the surface could be evidence of how the large number of
droplets generated in the electrospray process statistically enhance
reactivity through reactant bonds with greater alignment than the
average electric field.

While a recent study concerning the surface charge at the air-water
interface has determined a small negative surface potential49, in
disagreement with ab initio calculations and ReaxFF/C-GeM, what
we believe is mutually supportive with this previous work is how both
the structure and electron density is organized at the interface22,59,60.
It is a critical factor for estimating surface charge49, surface potentials,

Fig. 4 Electric field distributions arising from electric field projections on the O–H bonds of water. The hydrogen-bonded water molecules in the inner
droplet region (blue) and the surface free O–H water bonds (red) for the R40 droplet with (A) pure water, water with (B) 24 H3O+ and (C) 24 OH− ions.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27941-x ARTICLE

NATURE COMMUNICATIONS |          (2022) 13:280 | https://doi.org/10.1038/s41467-021-27941-x | www.nature.com/naturecommunications 5

www.nature.com/naturecommunications
www.nature.com/naturecommunications


electric field strengths, and electric field projections important for
surface chemical reactivity which is the topic here. Because there is a
strong normal orientational preference for electric fields that are very
localized at the air-water interface, i.e., a type of electrostatic pre-
organization, it can provide an explanation for the lowered barrier of
chemical reactions in microdroplets. We estimate from a bond
dipole-field model using a water molecule “reactant” a lowering of
the transition state energy for bond breaking with a ~3kT effect on
average. As is already known, all microdroplet accelerations are
modest relative to a highly optimized catalyst, but at the same time
there is a strong heterogeneity such that electric fields can be ~30X
larger than the average electric field and indicates that rate accel-
erations can be much higher depending on fluctuations and sheer
numbers of droplets generated in the electrospray process. In sum-
mary, this work confirms the importance of surface electric fields as a
source of microdroplet reactivity that should be investigated for the
range of organic reactions in which accelerations are
observed1–3,7,9,13, and relevant controls where the microdroplet may
not always reach greater reactivity rates relative to the bulk water
liquid10,61.

Methods
Each system was minimized and equilibrated using the AMOEBA force field within
the Tinker-OpenMM platform62. The system was heated in the NVT ensemble
from 50 to 300 K at a rate of 0.33 K/ps using a Bussi thermostat and RESPA
integrator with a 1 fs timestep63. Once the systems reached 300 K, another 3 ns
simulation was run in the NVT ensemble for equilibration. Ewald cutoffs of 9 Å
and van-der Waals cutoff of 12 Å were used. The cubic box was set to be (120 Å)3,
(160 Å)3, and (200 Å)3 for R40, R60, and R80 droplets, respectively. The systems
were then transferred into a recent implementation in LAMMPS39, where the
reactive force field ReaxFF/CGeM model has been implemented and the MD
trajectories were conducted. After 500 ps of equilibration, we collected snapshots
every 1 ps across a 400 ps to 1 ns production run to obtain the electric field.

IRPD calculations. For the IRPD studies, the n= 70 initial structures were taken
from a recent study by Paesani et al.64, and the structures for n= 20, 30, and 50
were extracted from the n= 70 cluster. For the electric field calculations, the initial
configurations of the water droplets with radius ranging from 40 Å (8600 water
molecules) to 80 Å (71,000 water molecules), with and without ions, were first
prepared using the PACKMOL65 software package.

Ion concentrations. The formed evaporating charged droplets will quickly reach a
point, known as the “Rayleigh limit”, after which they are no longer mechanically
stable56. This condition is known as the Rayleigh instability, which is the maximum
number of surface charges, QR, that can exist on a droplet of radius, RR, when
electrostatic repulsion is balanced by surface tension. This is given by Eq. (2), where
ϵ0 is the permittivity of free space and γ is the liquid surface tension:

QR ¼ 8 π ϵ0γR
3
R

� �1=2 ð2Þ
At T= 300 K, the value of surface tension is taken to be 0.0523 N/m. We used

Eq. (2) to determine ion concentrations in Fig. 3.

Charge density profiles. In order to determine the charge density profile, we
considered the instantaneous surface method66 to find the instantaneous interface,
and further defined L0 and L1 where charge density varied by distance in Figs. 2A
and 3A. For the cumulative charge density calculation only we collapsed the
Gaussian densities to point charge centers (+1 for cores and −1 for shells) starting
from the outer of air-water interface to the droplet center. The accumulated charge
density is the averaged in the volume from the outside the air-water interface (here
we defined it as −5 Å where the integrated charge density is found to be zero) and
is calculated every 0.2 Å throughout the distance scan.

Surface potential and electric fields on a grid. The surface potential is defined as

Vsurface
ij rij

� �
¼ qi

rij
erf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αiαj

αi þ αj

s
rij

 !
ð3Þ

where i denotes the Gaussian core and shell position, qi is the Gaussian density at a
grid point j at which a test charge qj = +1 is placed to evaluate the potential; we use
a high value of αj to approximate the point charge and rij is the distance between
the grid point and the Gaussian core or shell. The electric field, which is the
derivative of the electrostatic potential as implemented in LAMMPS, is done
accordingly on the same grid points. We averaged the potential every 1 Å over
200 snapshots of production trajectories. We used Eq. (3) to determine Fig. 2B.

Electric field projections. To obtain the electric field normal to surface, we project
the electric field in the normal to surface direction

E? ¼ Ex � x � xc
� �þ Ey � y � yc

� �þ Ez � z � zc
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x � xc
� �2 þ y � yc

� �2 þ z � zc
� �2h ir ð4Þ

where (xc , yc, zc) is the droplet center. We used Eq. (4) to determine normal to
surface field in Fig. 2 and 3.

The electric field projected on the O–H bond is done by averaging over all the
grid points with 1/r2 factor, where r is the distance between the midpoint of the
O–H bond and any given grid point. The grid points within 1 Å from the O–H
bond midpoint were excluded to minimize the intra-molecular interaction effect
from the interior of the water molecule. We used Eq. (5) to determine Fig. 4

EO�H ¼
∑
i

1
r2i

� �
Ex;i � xH � xOð Þ þ Ey;i � yH � yOð Þ þ Ez;i � zH � zOð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xH � xOð Þ2 þ yH � yOð Þ2 þ zH � zOð Þ2
	 
q

∑
i

1
r2i

� � ð5Þ

Data availability
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Code availability
The in-house scripts used to generate all data in the paper are organized in a private
github, but will be made available from the corresponding author on reasonable request.

Received: 27 May 2021; Accepted: 14 December 2021;

References
1. Yan, X., Bain, R. M. & Cooks, R. G. Organic reactions in microdroplets:

reaction acceleration revealed by mass spectrometry. Angew. Chem. Int. Ed.
55, 12960–12972 (2016).

2. Wei, Z., Li, Y., Cooks, R. G. & Yan, X. Accelerated reaction kinetics in
microdroplets: overview and recent developments. Ann. Rev. Phys. Chem. 71,
31–51 (2020).

3. Banerjee, S. & Zare, R. N. Syntheses of isoquinoline and substituted quinolines
in charged microdroplets. Angew. Chem. Int. Ed. Engl 54, 14795–14799
(2015).

4. Nam, I., Nam, H. G. & Zare, R. N. Abiotic synthesis of purine and pyrimidine
ribonucleosides in aqueous microdroplets. Proc. Natl Acad. Sci. 115, 36–40
(2018).

5. Sarkar, D. et al. Metallic nanobrushes made using ambient droplet sprays.
Adv. Mater. 28, 2223–2228 (2016).

6. Jarmusch, A. K. et al. Lipid and metabolite profiles of human brain tumors by
desorption electrospray ionization-MS. Proc. Natl Acad. Sci. 113, 1486 (2016).

7. Lee, J. K. et al. Spontaneous generation of hydrogen peroxide from aqueous
microdroplets. Proc. Natl Acad. Sci. 116, 19294 (2019).

8. Dulay M. et al. Spraying small water droplets acts as a bacteriocide. QRB
Discov. 1, 1–8 (2020).

9. Yan, X., Augusti, R., Li, X. & Cooks, R. G. Chemical reactivity assessment
using reactive paper spray ionization mass spectrometry: the Katritzky
reaction. ChemPlusChem 78, 1142–1148 (2013).

10. Pestana, L. R., Hao, H. & Head-Gordon, T. Diels–Alder Reactions in water are
determined by microsolvation. Nano Letters 20, 606–611 (2020).

11. Gallo, A. et al. The chemical reactions in electrosprays of water do not always
correspond to those at the pristine air–water interface. Chem. Sci. 10,
2566–2577 (2019).

12. Wilson, K. R. et al. A kinetic description of how interfaces accelerate reactions
in micro-compartments. Chem. Sci. 11, 8533–8545 (2020).

13. Girod, M., Moyano, E., Campbell, D. I. & Cooks, R. G. Accelerated
bimolecular reactions in microdroplets studied by desorption electrospray
ionization mass spectrometry. Chem. Sci. 2, 501–510 (2011).

14. Matyushov, D. V. Electrostatic solvation and mobility in uniform and non-
uniform electric fields: From simple ions to proteins. Biomicrofluidics 13,
064106 (2019).

15. Munoz-Santiburcio, D. & Marx, D. Controlled aqueous chemistry within
nanometric slit pores. Chem. Rev. 121, 6293–6320 (2021).

16. Creux, P., Lachaise, J., Graciaa, A., Beattie, J. K. & Djerdjev, A. M. Strong
specific hydroxide ion binding at the pristine oil/water and air/water
interfaces. J. Phys. Chem. B 113, 14146–14150 (2009).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27941-x

6 NATURE COMMUNICATIONS |          (2022) 13:280 | https://doi.org/10.1038/s41467-021-27941-x | www.nature.com/naturecommunications

www.nature.com/naturecommunications


17. Roger, K. & Cabane, B. Why are hydrophobic/water interfaces negatively
charged? Angew. Chem. Int. Ed. 51, 5625–5628 (2012).

18. Chamberlayne, C. F. & Zare, R. N. Simple model for the electric field and
spatial distribution of ions in a microdroplet. J. Chem. Phys. 152, 184702
(2020).

19. Carpenter, A. P., Tran, E., Altman, R. M. & Richmond, G. L. Formation and
surface-stabilizing contributions to bare nanoemulsions created with
negligible surface charge. Proc. Natl Acad. Sci. 116, 9214–9219 (2019).

20. Saykally, R. J. Two sides of the acid–base story. Nat. Chem. 5, 82–84 (2013).
21. Lam, R. K. et al. Reversed interfacial fractionation of carbonate and

bicarbonate evidenced by X-ray photoemission spectroscopy. J. Chem. Phys.
146, 094703 (2017).

22. Vácha, R. et al. The orientation and charge of water at the hydrophobic oil
droplet–water interface. J. Am. Chem. Soc. 133, 10204–10210 (2011).

23. Baer, M. D., Kuo, I.-F. W., Tobias, D. J. & Mundy, C. J. Toward a unified
picture of the water self-ions at the air–water interface: A density functional
theory perspective. J. Phys. Chem. B 118, 8364–8372 (2014).

24. Welborn, V. V., Pestana, L. R. & Head-Gordon, T. Computational
optimization of electric fields for better catalysis design. Nat. Catalysis 1,
649–655 (2018).

25. Aragonès, A. C. et al. Electrostatic catalysis of a Diels–Alder reaction. Nature
531, 88 (2016).

26. Welborn, V. V. & Head-Gordon, T. Fluctuations of electric fields in the active
site of the enzyme ketosteroid isomerase. J. Am. Chem. Soc. 141, 12487–12492
(2019).

27. Welborn, V. V., Li, W.-L. & Head-Gordon, T. Interplay of water and a
supramolecular capsule for catalysis of reductive elimination reaction from
gold. Nat. Commun. 11, 1–6 (2020).

28. Ashton, M., Mishra, A., Neugebauer, J. & Freysoldt, C. Ab initio description of
bond breaking in large electric fields. Phys. Rev. Lett. 124, 176801 (2020).

29. Hennefarth, M. R. & Alexandrova, A. N. Direct Look at the electric field in
Ketosteroid Isomerase and its variants. ACS Catalysis 10, 9915–9924 (2020).

30. Shaik, S., Danovich, D., Joy, J., Wang, Z. & Stuyver, T. Electric-field mediated
chemistry: uncovering and exploiting the potential of (oriented) electric fields
to exert chemical catalysis and reaction control. J. Am. Chem. Soc. 142,
12551–12562 (2020).

31. Kreuzer, H. Physics and chemistry in high electric fields. Surf. Interfac.
Analysis 36, 372–379 (2004).

32. Schirmer, B. & Grimme, S. Electric field induced activation of H2—Can DFT
do the job? Chem. Commun. 46, 7942–7944 (2010).

33. Leung, K. Surface potential at the air−water interface computed using Density
Functional Theory. J. Phys. Chem. Lett. 1, 496–499 (2010).

34. Kathmann, S. M., Kuo, I.-F. W., Mundy, C. J. & Schenter, G. K.
Understanding the surface potential of water. J. Phys. Chem. B 115, 4369–4377
(2011).

35. Cendagorta, J. R. & Ichiye, T. The surface potential of the water–vapor
interface from classical simulations. J. Phys. Chem. B 119, 9114–9122 (2015).

36. Xiong, H., Lee, J. K., Zare, R. N. & Min, W. Strong electric field observed at the
interface of aqueous microdroplets. J. Phys. Chem. Lett. 11, 7423–7428 (2020).

37. Yesibolati, M. N. et al. Mean inner potential of liquid water. Phys. Rev. Lett.
124, 065502 (2020).

38. Leven, I., Hao, H., Das, A. K. & Head-Gordon, T. A reactive force field with
coarse-grained electrons for liquid water. J. Phys. Chem. Lett. 11, 9240–9247
(2020).

39. Leven I., et al. Recent advances for improving the accuracy, transferability, and
efficiency of reactive force fields. J. Chem. Theory Comput. 17, 3237–3251
(2021).

40. Leven, I. & Head-Gordon, T. C-GeM: Coarse-grained electron model for
predicting the electrostatic potential in molecules. J. Phys. Chem. Lett. 10,
6820–6826 (2019).

41. Medders, G. R. & Paesani, F. Dissecting the molecular structure of the air/
water interface from quantum simulations of the sum-frequency generation
spectrum. J. Am. Chem. Soc. 138, 3912–3919 (2016).

42. Inoue, K.-i, Ahmed, M., Nihonyanagi, S. & Tahara, T. Reorientation-induced
relaxation of free OH at the air/water interface revealed by ultrafast
heterodyne-detected nonlinear spectroscopy. Nat. Commun. 11, 1–7
(2020).

43. Pezzotti, S., Galimberti, D. R. & Gaigeot, M.-P. 2D H-bond network as the
topmost skin to the air–water interface. J Phys. Chem. Lett. 8, 3133–3141
(2017).

44. Pezzotti, S., Serva, A. & Gaigeot, M.-P. 2D-HB-Network at the air-water
interface: a structural and dynamical characterization by means of ab initio
and classical molecular dynamics simulations. J. Chem. Phys. 148, 174701
(2018).

45. Fecko, C. J., Eaves, J. D., Loparo, J. J., Tokmakoff, A. & Geissler, P. L. Ultrafast
hydrogen-bond dynamics in the infrared spectroscopy of water. Science 301,
1698–1702 (2003).

46. Cooper, R. J., O’Brien, J. T., Chang, T. M. & Williams, E. R. Structural and
electrostatic effects at the surfaces of size- and charge-selected aqueous
nanodrops. Chem. Sci. 8, 5201–5213 (2017).

47. Buch, V., Sigurd, B., Paul Devlin, J., Buck, U. & Kazimirski, J. K. Solid water
clusters in the size range of tens–thousands of H2O: a combined
computational/spectroscopic outlook. Int. Rev. Phys. Chem. 23, 375–433
(2004).

48. Zurheide, F. et al. Size-resolved infrared spectroscopic study of structural
transitions in sodium-doped (h2o) n clusters containing 10–100 water
molecules. J. Phys. Chem. A 119, 2709–2720 (2015).

49. Poli, E., Jong, K. H. & Hassanali, A. Charge transfer as a ubiquitous
mechanism in determining the negative charge at hydrophobic interfaces. Nat.
Commun. 11, 901 (2020).

50. Matyushov, D. V. & Voth, G. A. Modeling the free energy surfaces of electron
transfer in condensed phases. J. Chem. Phys. 113, 5413–5424 (2000).

51. Small, D. W., Matyushov, D. V. & Voth, G. A. The theory of electron transfer
reactions: what may be missing? J. Am. Chem. Soc. 125, 7470–7478 (2003).

52. Jungwirth, P. & Tobias, D. J. Specific ion effects at the air/water interface.
Chem. Rev. 106, 1259–1281 (2006).

53. Mardirossian, N. & Head-Gordon, M. Mapping the genome of meta-
generalized gradient approximation density functionals: the search for B97M-
V. J. Chem. Phys. 142, 074111 (2015).

54. Mardirossian, N. et al. Use of the rVV10 nonlocal correlation functional in the
B97M-V Density Functional: Defining B97M-rV and related functionals. J.
Phys. Chem. Lett. 8, 35–40 (2017).

55. Hutter, J., Iannuzzi, M., Schiffmann, F. & VandeVondele, J. cp2k: atomistic
simulations of condensed matter systems. WIREs Comput. Mol. Sci. 4, 15–25
(2014).

56. Medvedev Michael, G., Bushmarinov Ivan, S., Sun, J., Perdew John, P. &
Lyssenko Konstantin, A. Density functional theory is straying from the path
toward the exact functional. Science 355, 49–52 (2017).

57. Vaissier Welborn, V. & Head-Gordon, T. Computational design of synthetic
enzymes. Chem. Rev. 119, 6613–6630 (2019).

58. Li, W.-L. & Head-Gordon, T. Catalytic principles from natural enzymes and
translational design strategies for synthetic catalysts. ACS Central Sci. 7, 72–80
(2021).

59. Wick, C. D., Lee, A. J. & Rick, S. W. How intermolecular charge transfer
influences the air-water interface. J. Chem. Phys. 137, 154701 (2012).

60. Giberti, F. & Hassanali, A. A. The excess proton at the air-water interface: The
role of instantaneous liquid interfaces. J. Chem. Phys. 146, 244703 (2017).

61. Banerjee, S., Gnanamani, E., Yan, X. & Zare, R. N. Can all bulk-phase
reactions be accelerated in microdroplets? Analyst 142, 1399–1402 (2017).

62. Harger, M. et al. Tinker-OpenMM: Absolute and relative alchemical free
energies using AMOEBA on GPUs. J. Comput. Chem. 38, 2047–2055 (2017).

63. Tuckerman, M. E. Ab initio molecular dynamics: basic concepts, current
trends and novel applications. J. Phys.: Condensed Matter 14, R1297–R1355
(2002).

64. Moberg, D. R. et al. The end of ice I. Proc. Natl Acad. Sci. 116, 24413–24419
(2019).

65. Martínez, L., Andrade, R., Birgin, E. G. & Martínez, J. M. PACKMOL: a
package for building initial configurations for molecular dynamics
simulations. J. Comput. Chem. 30, 2157–2164 (2009).

66. Willard, A. P. & Chandler, D. Instantaneous liquid interfaces. J. Phys. Chem. B
114, 1954–1958 (2010).

Acknowledgements
The methodological work on electric fields was supported by the CPIMS program by the
Director, Office of Science, Office of Basic Energy Sciences, Chemical Sciences Division
of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231. The
microdroplet application is work supported by the Air Force Office of Scientific Research
through the Multidisciplinary University Research Initiative (MURI) program under
AFOSR Award No. FA9550-21-1-0170. This work used computational resources pro-
vided by the National Energy Research Scientific Computing Center (NERSC), a U.S.
Department of Energy Office of Science User Facility operated under Contract No. DE-
AC02-05CH11231.

Author contributions
T.H.G. conceived the theme, H.H. performed all calculations and H.H., I.L. and T.H.G.
performed all computational analysis, H.H. and T.H.G. wrote the paper, H.H. designed
the Figures and the Table of Contents image. All authors contributed data and insights
through extensive discussion.

Competing interests
The authors declare no competing interests.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27941-x ARTICLE

NATURE COMMUNICATIONS |          (2022) 13:280 | https://doi.org/10.1038/s41467-021-27941-x | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-27941-x.

Correspondence and requests for materials should be addressed to Teresa Head-Gordon.

Peer review information Nature Communications and the authors thanks the
anonymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27941-x

8 NATURE COMMUNICATIONS |          (2022) 13:280 | https://doi.org/10.1038/s41467-021-27941-x | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-021-27941-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Can electric fields drive chemistry for an aqueous microdroplet?
	Results
	Discussion
	Methods
	IRPD calculations
	Ion concentrations
	Charge density profiles
	Surface potential and electric fields on a grid
	Electric field projections

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




