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ABSTRACT: Molecular simulations of auto-dissociation of water molecules in
an 81,000 atom bulk water system show that the electric field variations caused
by local bond length and angle variations enhance proton transfer within ∼600 fs
prior to auto-dissociation. In this paper, auto-dissociation relates to the initial
separation of a proton from a water molecule to another, forming the H3

3O+ and
OH− ions. Only transfers for which a proton’s initial nearest covalently bonded
oxygen remained the same for at least 1 ps prior to the transfer and for which
that proton’s new nearest acceptor oxygen remained the same for at least 1 ps
after the transfer were evaluated. Electric fields from solvent atoms within 6 Å of
a transferring proton (H*) are dominant, with little contribution from farther
molecules. However, exclusion of the accepting oxygen in such electric field
calculations shows that the field on H* from the other solvent atoms weakens as
the time to transfer becomes less than 600 fs, indicating the primary importance
of the accepting oxygen on enabling auto-dissociation. All resultant OH− and H3O+ ion pairs recombined at times greater than 1 ps
after auto-dissociation. A concentration of 8.01 × 1017 cm−3 for these ion pairs was observed. The simulations indicate that transient
auto-dissociation in water is more common than that inferred from dc-conductivity experiments (10−5 vs 10−7) and is consistent
with the results of calculations that include nuclear quantum effects. The conductivity experiments require the rearrangement of
farther water molecules to form hydrogen-bonded “water wires” that afford long-range and measurable proton transport away from
the reaction site. Nonetheless, the relatively large number of picosecond-lived auto-dissociation products might be engineered within
2D layers and oriented external fields to offer new energy-related systems.

■ INTRODUCTION
The presence and migration of protons and hydroxide (OH−)
ions in water play an important role in physical, chemical, and
biological applications and have attracted a large number of
studies regarding the mechanisms of the transfer of protons in
liquid water. However, a preponderance of these studies
involved proton transfer from an existing hydronium ion H3O+

ion to an adjacent H2O molecule1−14 and subsequent long-
range separation that is dependent on the existence of a
hydrogen-bond chain; much of the work has been reviewed.15

Many of these studies involved molecular computations that
can provide information on the femtosecond to picosecond
timeframes. Far fewer studies have been done regarding the
initial formation of the H3O+ ion and OH− ion in neat water
via the auto-dissociation of a water molecule, as shown in
reaction 1a.

++2H O H O OH2 3 (1a)

One reason for this is the understanding that the formation
of these ions in water is a rare event based on electrochemical
studies used to extrapolate their low concentrations in pure
water and by equilibrium thermodynamics.16−18 However, for
experimental measurement of the product ions, long-distance

structural migration of the ions requires formation of
hydrogen-bonded chains for a Grotthuss-like mechanism of
proton transport away from the reaction site. Hassanali et al.
discussed the required compression of the H-bond wire to
enable such proton migration via structural diffusion.9 Such
long-range solvent rearrangement would be expected to raise
the barrier for migration and capture of the charged species in
electrochemical measurements. Without the formation of such
a path, rapid neutralization of the product ions occurs,
potentially leading to the low concentration of measurable
species.

In the work presented in this current paper, we only discuss
the formation of the product ions that last at least 1 ps, without
regard to farther separation of these ions and apply the term
auto-dissociation to this initial formation of product ions and
associated electric fields. This would be different from other
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works that use the term auto-dissociation to include the
stabilization of the separated ions.

In ab initio calculations of a small system of 32 molecules,
Trout and Parrinello showed the free energy barrier for auto-
dissociation below 10 kcal/mol and a barrier above 15 kcal/
mol for separation of the product ions using a distance
constraint model.19 Sprik used constraints on the number of
protons on donating and accepting species that separate the
ions with a similar high barrier.20 Moqadam et al. added
additional constraints in their calculations of auto-dissociation
that also included separation of the ions.21 Geissler et al.
similarly considered stabilization that required separation of
the ion pairs in their calculations.22 Equilibrium thermody-
namics indicates a free energy barrier of near 20 kcal/mole. A
high barrier for product-ion separation would coincide with a
low concentration of measurable species. Others employing the
term auto-dissociation of the water molecule have included this
subsequent migration of the product ions away from the
reaction site as a part of auto-dissociation, with similarly high
barriers.23,24

While the concentration of currently “measurable” ion
product species and required stabilization (separation) of these
species are relevant, that is not the topic of the current paper. A
question that arises is: “Can these relatively short-lived species
be gatherable?”

Geissler et al. acknowledged the “existence of many short-
lived hydronium and hydroxide ions in water” whose lifetime is
less than 100 fs.22 Additional work also obtained data that
indicated the presence of many of these short-lived transient
ions in water.23,25−28 Time-resolved spectroscopies may miss
these short-lived events because of the predominance of the
role of intact water molecules on the output spectrum. In our
work, we will show that there is a larger number of product
ions lasting longer than 100 fs that are consistent with ab initio
calculations that include nuclear quantum effects (NQEs).29 In
their ab initio calculations, Ceriotti et al. showed that inclusion
of NQEs brings about a concentration of 10−3 auto-
dissociation events. As will be shown below with regard to
the work presented in the current paper, we similarly observed
such a concentration of auto-dissociation events that last for at
least 1 ps prior to neutralization.

Neutralization of these product ions occurs via eq 1b.

++H O OH 2H O3 2 (1b)

Neutralization often occurs rapidly (within femtoseconds),
preventing formation of experimentally measurable ions that
require long-lived separation of the ions.9,11,22,27,30,31 Following
an auto-dissociation event, rapid neutralizations can infre-
quently be prevented by the structural diffusion of the H3O+

complex or the OH− complex away from the reaction site that
has been well documented.5,8,9,11,12,22,30,32−34 Such behavior is
shown in reactions 1c and 1d.

+ ++ +O OH H O H H O3 2 2 3 (1c)

+ +O OH H O H OH2 2 (1d)

However, using a polarizable water potential, Bai showed
that even by removing a proton from their water and placing it
far from the formed OH− ion, neutralization was observed in
the 3D system.31 However, they did not determine the electric
fields on the ions caused by solvent species.

The electric field from neighboring atoms is known to play
an important role in affecting auto-dissociation as well as

subsequent longer-ranged proton transfer that is dependent on
the presence of the hydrogen-bond chain along which the
transferring proton moves.22,35−38 As mentioned, computa-
tional simulations offer a method for evaluating subpicosecond
proton behavior in water. However, reactions 1a−1d would be
unavailable in those molecular simulations that employ certain
popular water potentials that describe rigid and nondissociable
water molecules. Nonetheless, simulations employing such
potentials have been used to determine the electric field
imposed on the proton in a water molecule from other atoms
and the implications of such a field have been related to the
possibility for auto-dissociation.35−38 Electric fields on a proton
caused by neighbor atoms varied from 2 to 3.5 V/Å depending
on the hydrogen bond length,36,38 with the higher fields at
shorter lengths. However, auto-dissociation via proton transfer
would not actually occur in such calculations using non-
dissociable water potentials although the values of the observed
fields are important.

Application of ab initio calculations to auto-dissociation of
the water molecule has provided useful data regarding electric
fields on a proton in general and the implications on proton
transfer via eq 1a.9,11,19,22,29,39,40 For example, Hermansson
and Ojamaë showed that an applied electric field of ∼3 V/Å on
a configuration of only two H2O molecules was sufficient to
remove the proton-transfer barrier to allow for reaction 1a.39

Geissler et al. used a system of 32 water molecules to show
auto-dissociation and the necessary structures for separation of
the resulting ions.22 Saitta et al. used a system of 64 molecules
and showed that an external applied electric field of only 0.3−
0.6 V/Å was sufficient to enhance dissociation.40 This small
external field would be in addition to the local fields caused by
solvent molecules.

These various classical and ab initio studies provide a useful
understanding of the role of local electric fields on auto-
dissociation and proton transfer. Since it was shown that an
electric field of ∼3 V/Å is all that is required to allow for
proton transfer from a donor water molecule to an acceptor
water molecule,39 if such a local electric field caused by the
solvent molecules is sufficiently strong, then only a slight
external enhancement, as shown by Saitta et al.,40 is sufficient
to significantly enhance auto-dissociation.

In order to evaluate the solvent-generated electric fields on
protons that are actually able to transfer during auto-
dissociation of H2O molecules in liquid water in molecular
dynamics simulations involving large numbers of molecules, a
reactive interatomic potential that allows for dissociation of the
water molecule to form the ions shown in eq 1a is employed.
Of course, the neutralization (1b) and structural diffusion of
the ions (1c and 1d) are also available with such a potential,
some of which has been previously reported.10,41 The
advantage of using such a reactive interatomic potential is
that large systems can be studied and no prior assumptions
regarding which protons transfer need to be made. Similarly,
no extraneous additions on a common rigid molecule
interaction potential or atomistic configuration need to be
made to enable dissociation. This work also acts as another test
of the viability of the potential to reproduce another property
of water that was not within the original design parameters.42

Results show that local electric fields on transferring protons
have values consistent with previous data but also show the
important relation between field strength and angular rotations
toward the accepting molecule on transfer. Another important
finding that relates to femtosecond rattling versus longer-lived
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proton transfer is the role of the orientation of the accepting
molecule on the stability of the transferred proton. Such a
relation may be related to electron localization functions
(ELFs) of reacting water molecules. While the ions that lasted
at least 1 ps as products of the auto-dissociation events are
presented in detail here, all such newly formed ions eventually
neutralized at times greater than 1 ps after auto-dissociation. In
addition, a significant number of shorter-lived (<1 ps) ion pairs
also occurred. The rapid neutralization of the ions in the
current study would be consistent with the low concentration
of measurable ions observed in dc conductivity experiments.
The latter experiments require the formation of hydrogen-
bonded “wires” along which subsequent proton transfers
migrate the ion complexes away from the reaction site.
Nonetheless, the results of the current simulations show that
auto-dissociation (as defined in this paper) is not uncommon
in water. Such a finding is similar to conclusions of ab initio
calculations referenced above, but with significantly larger
system size and more dissociation events, and to interpreta-
tions of electrodynamic and IR data.25,27,28

■ METHODS: COMPUTATIONAL PROCEDURE
The molecular dynamics simulations use a reactive, all-atom
potential with two- and three-body terms that allows for
dissociation of water molecules.42 It has been shown to
reproduce a variety of bulk water properties such as the
structure, heat of vaporization (10.5 kcal/mol), diffusion
coefficient (2.4 × 10−5 cm2/s), and frequency spectrum.42,43

Hydrogen-bond lifetimes in bulk water (2.1 ps) are consistent
with experimental data.41 Mechanisms of proton transport in
bulk water via inserted H3O+ ions10,41 and large jump angular
correlation functions are consistent with experiment.41 The
free energy barrier to proton transfer from a hydronium ion to
an adjacent water molecule in bulk water at an O−O spacing of
2.4 Å of 0.8 kcal/mol10 is observed with this potential, close to
the ab initio value of 0.6 kcal/mol44 using a classical proton.
The decrease in the O−O spacing between reacting species
results in a decrease in the barrier to proton transfer, especially
for distances below 2.5 Å. The frequency−frequency
correlation function observed in simulations with this potential
showed short-time correlations similar to the experiment and
long-time behavior that coincides with the O−O vibrations.
Interfacial behavior observed with this potential shows
reactions on silica surfaces forming surface silanols (SiOHs)
at concentrations (4−5 nm−2) consistent with the experi-
ment,34 migration of protons at the silica surface via surface
silanols and adjacent waters, forming H3O+ ions,33,34,43

consistent with ab initio calculations,45 free energy barriers
to hydroxylation of silica exposed to water that fit within
experimental data46 (15 kcal/mol vs 14−24 kcal/mol from the
experiment and 18−39 kcal/mol from ab initio calculations),
the high thermal expansion of nanoconfined water that
reproduces experimental data and provides an explanation
for the increased expansion,47,48 and diffusion of water through
nanoporous silica.49 These results indicate a high level of
transferability to different scenarios.

The large bulk water system used in this work was described
previously.41 The system was initialized with 27,000 water
molecules and run with periodic boundaries in all dimensions
at a constant number, temperature, and pressure (NPT), with a
temperature of 298 K and a pressure of 1 atm, for 200 ps. The
system size was 96.509 Å × 92.582 Å × 89.477 Å in the x, y,
and z dimensions, respectively. An integration timestep of 0.1

fs was used for all runs. Following this equilibration, a 100 ps
production run was performed at constant NPT; all data were
obtained from this production run. Configurations from the
production run were saved every 1 fs, resulting in 105 saves.
Three hydronium/hydroxide pairs formed during the 200 ps
equilibration run and were therefore present at the beginning
of the production run but were not considered in the current
analysis. As previously shown, the lifetime autocorrelation
functions of the ions using this potential10 follow the
multiexponential decay observed by others.50−52

The local electric field at the position of a proton was
calculated by taking a vector sum of the individual Coulomb
forces from all oxygen and hydrogen ions within specific cutoff
radii (rc), 6 and 15 Å. Electric fields from specific atoms or
groups of atoms were also calculated, as shown below. As per
the potential, hydrogen ions have a point charge of +0.452e
and oxygen ions have a point charge of −0.904e, where e is the
elementary charge. The following expression was used to
calculate the electric field vector on atom i, where =k 1

4 0
is

Coulomb’s constant, qj is the charge of atom j, rji is the
separation distance between atoms j and i, and rji is a unit
vector pointing in the direction from atom j toward atom i.

=
<

E k
q

r
ri

j i

r r
j

ji
ji2

c

(2)

The field is represented by projecting this field vector onto
one of the several directions: the direction pointing from the
proton toward its original donor oxygen (O1), the direction
pointing from the proton’s original acceptor oxygen (O2)
toward the proton, and the direction pointing from O2 toward
O1. The projection of the field on any of these directions

(corresponding to unit vector rd ), is given by = ·E E ri d i d, .
Throughout the 100 ps production run, a proton transfer is

defined as an event where the proton’s nearest oxygen changes
between two consecutive configurations. We analyze only the
subset of proton transfers for which the proton’s initial nearest
covalently bonded oxygen (O1) remained the same for at least
1 ps prior to the transfer and for which the proton’s new
nearest oxygen (O2) remained the same for at least 1 ps after
the transfer, forming a covalent bond to O2. O1 and O2 are
therefore the donor and acceptor oxygens, respectively, during
a transfer. This criterion eliminates transfers that involve
extremely short-time (femtoseconds) rattling due to large
vibrational amplitudes and includes only those with a well-
defined time of transfer (t0) that allows electric fields to be
plotted as a function of time relative to t0. The 100 ps
trajectory contained 20 transfers meeting this criterion as
autoionization reactions (eq 1a). However, all these transfers
eventually neutralized via eq 1b at times greater than 1 ps on
the acceptor oxygen. We also include information regarding
the other shorter-lived ions that last in the sub-picosecond
range in order to determine the concentration of ions in our
simulated system. These additional data provide an indication
of the relationship between the concentration of ions seen in
our work and the values predicted by Artemov and
colleagues.25,27,28

■ RESULTS AND DISCUSSION
There are multiple ways to evaluate the local electric field on
the transferring proton, H*, prior to and post auto-dissociation
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of a water molecule. One way is to look at the total field on H*
from all atoms within specific distances of H*; another is to
look at the intermolecular electric field on H* from atoms
excluding those on the donating molecule (the one that shows
auto-dissociation); a third is to look at the fields from specific
neighbor atoms to H*. All three will be shown below for the
condition in which the transferring proton, H*, existed on O1
(the oxygen in the donating water molecule) for greater than 1
ps prior to proton transfer (PT) and remained on O2 (the
accepting oxygen) for at least 1 ps after PT.

Figure 1a shows the average electric fields on H* in those
water molecules that showed the proton transferring during
auto-dissociation for the given times. The e-fields include all
atoms within 15 Å of H* as well as all atoms within only 6 Å of
H*. The label “H*− > O1” denotes the field oriented along
the H* to O1 direction; it is positive prior to proton transfer
and becomes negative after PT, showing the important effect
on the direction of the e-field that is created by the oxygen to
which H* is bonded. Results show that the electric field on H*
is dominated by those atoms within 6 Å of H* and atoms
farther away have little to no effect. Such a result is consistent
with calculations by Reischl et al.35 who used a cutoff of 7 Å
and others regarding the importance of local structure on these
electric fields.19,37,38 Another feature is the change in slope of
the H*−O1 e-field line occurring near −0.6 ps, as will be
discussed below. The dashed line indicates the electric fields
averaged over all nontransferring protons in the system along
their H to O1 direction and does not have an actual time
constraint.

Figure 1b provides higher resolution and more data points of
the e-fields at times closer to PT (±200 fs), showing an
increase in the amplitude of the oscillations within the last ∼50
fs (−0.05 ps) prior to PT. The label “H*− > O2” is the field
along the H* to O2 direction, as shown in the inset, and the
oscillations are nearly a mirror image of the H* to O1 data.
Note that the strength of the e-field in the H*−O2 direction
post transfer is less positive than the field in the H*−O1
direction prior to PT. This is because H* is on an H3O+ ion
post transfer and the other two protons on O2 create a
repulsive field on H*. This would enhance the eventual
transfer of one of the protons on O2 that relates to the lifetime
of H3O+ ions that is in the 2 ps range. Additional details
showing the e-fields on the individual H* to O1 are given in
Supporting Information, Figure S1 in 1 fs increments over
100,000 fs, including the average and standard deviation.

Figure 2 provides additional information regarding the cause
of the e-field oscillations shown in Figure 1b. The average H*−

O1 covalent bond length as a function of time is shown in
Figure 2. This length increases near 0.6 ps prior to PT (−0.6
ps), a time that is similar to the time of the slope change
occurring in Figure 1a. The inset shows that the bond length
oscillations become larger in the final 300 fs prior to proton
transfer at 0 ps. The covalent bond lengths for the H* are
longer than the covalent bond length averaged over all protons
in the system that is shown by the dashed line (which is not
associated with the time axis).

An example of an auto-dissociation reaction is shown in
Figure 3a−c, in which the two relevant waters (circled, with
H* in green and O1 and O2 in gray) may be relatively
separated in (a), approach from (a) to (b), with H*
transferring to O2 in (c).

Figure 4 shows the O2−O1−H* angle averaged over all H*
in the 1 ps prior to transfer. Similar to Figures 1a and 2, a
change in the slope of these angles occurs near −0.6 ps. A
couple pairs had higher starting O2−O1−H* angles. One of
these high-angle reacting pairs is shown in Figure 5, where the
starting angle is 137°. Nonetheless, the donating water rotates
toward O2 and the transfer occurs. While other reacting

Figure 1. (a) Average local e-field on H* as a function of time from 1 ps prior to PT (labeled−1) to 1 ps after PT from all atoms within 15 Å and
within 6 Å of H*. The dashed line is the average value of the field on all protons in the system and is not time-dependent. (b) Higher resolution
over times within 0.2 ps of PT showing oscillations in the local e-field. The inset shows H* to O1 and H* to O2 directions.

Figure 2. Average H* to O1 covalent bond length as a function of
time prior to auto-dissociation at 0 ps showing an increase in the
length within ∼0.6 ps of PT. The inset shows increased covalent bond
length oscillations as the time approaches PT. The dashed line is
average covalent bond length for all protons (0.98 Å).
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molecule pairs have low starting O2−O1−H* angles at −1 ps,
such large angle outliers are nonetheless important because
they show that the proton transfer does not need H* to be
oriented toward O2 for a significant amount of time in order
for a transfer to occur.

However, this large rotation may impart a kinetic effect of
bringing the reacting molecules closer together. This is relevant
in that an important feature in PT is related to the O1−O2
distance just prior to PT, as shown in Figure 6. As time
approaches PT at 0 fs, the O1 to first neighbor O (O2)
distance decreases significantly in comparison to O−O spacing
in bulk water (also shown). Molecular simulations and ab
initio calculations have shown that decreased O−O spacing
significantly lowers the barrier to proton transfer.10,44,53 While
those previous studies related to H3O+ ions, O1−O2 spacing
plays an important role in enabling PT between water
molecules31,41 and is consistent with the increased H*−O1
distance shown in Figure 2 that decreases the H* to O1 bond
strength and similarly enhances PT. A similar conclusion was

presented by Ceriotti et al. regarding the importance of the
O−O spacing on proton transfer when including NQE.29

Figure 5 also shows the two reacting molecules in a
configuration with both oxygens aligned upward. Hassanali et
al. showed a low barrier for proton transport in this
alignment.54 They also observed Voronoi volumes in the 4−
7 Å3 range around the donating oxygen. Table 1 shows the

average Voronoi volumes around the H*, O1, and O2 atoms at
the time of proton transfer, with comparison to the average
value obtained for each species averaged over 100 config-

Figure 3. Snapshots of an auto-dissociation forming OH− and H3O+ as a function of time from (a) to (c) for the molecules circled, with H* in
green and O1 and O2 in gray (other O in cyan and H in red).

Figure 4. O2−O1−H* average angle distribution for times before
proton transfer from −1 to 0 ps.

Figure 5. Snapshots of an auto-dissociation reaction starting from a large O2−O1−H* angle (137°) in (a), forming OH− and H3O+ as a function
of time from (a) to (c) for the molecules circled, with H* in green and O1 and O2 in gray. Note the rotation to the small angle in (b).

Figure 6. Pair distribution function (PDF) of O1 to all other O for
times just prior to PT (at 0 fs), with comparison to bulk water O−O
PDF showing a significant decrease in the first neighbor (O2)
distance. Smaller O1−O2 distances have been shown to significantly
decrease the barrier to PT.

Table 1

H* O1 O2
500

oxygens
500

hydrogens

average vol
100 ps

11.754 6.341 6.337 6.369 11.658

average vol at PT 9.124 5.723 5.272
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urations spaced over the 100 ps run for 500 random oxygens
and 500 random hydrogens.

Several items can be observed in Table 1: (1) the average
Voronoi volumes around H*, O1, and O2 over 100 ps are
similar to the average of 500 random H’s and O’s over 100 ps;
(2) the Voronoi volumes around the donating and accepting
oxygens at the time of PT are similar to the values presented
by Hassanali et al. in their ab initio calculations; and (3) there
is a ∼10−20% decrease in the volumes around H*, O1, and
O2 at the time of PT in comparison to the average for H and
O in the system.

A recurring theme in Figures 1a, 2, and 4 is the change in
slope of the data starting around −0.6 ps in each figure. The
orientation of the molecules affects the e-fields on H* toward
O1 and O2 and the H*−O1 bond length oscillations just prior
to proton transfer.

The e-fields on H* can be delineated by including only
specific neighbors, as shown in the next several figures. Figure
7 shows the contributions to the field on H* in the H* to O1

direction from just the donating and accepting oxygen atoms,
O1 and O2 (labeled “O1 and O2”), all atoms within 6 Å of H*
(labeled r < 6 Å), with and without the inclusion of O1 and
O2, and all atoms within 15 Å of H* (labeled r < 15 Å). The
net field is dominated by the fields from just the two closest
oxygen atoms, O1 and O2. Being strongly positive indicates
that O1 provides the dominant attractive e-field on H* prior to
PT since this is plotted in the H* to O1 direction. The field in
this direction weakens when time approaches 0 ps, indicating
the importance of O2.

Based on our previous simulation data regarding covalent
and hydrogen bond lengths for those molecules that showed
PT (0.996 and 1.72 Å, respectively),41 O1 contributes 13.1 V/
Å attraction on H* at 0.996 and O2 counters this strong field
with a value of −4.4 V/Å at 1.72 Å, partially cancelling the field
from O1 in the H* to O1 direction. These distances are
different from the average of all water molecules and relate
only to those that showed PT41 and are consistent with an
increased covalent bond length coincident with a shorter
hydrogen bond length.41 These fields would give a net field of
8.7 V/Å if the O2−O1−H* angle was zero degrees. However,
because this angle in not zero degrees, the net field from only
the two oxygens, O1 and O2, in the H* to O1 direction near
−1.0 ps is ∼11 V/Å. This is due to the initially larger average

O2−O1−H* angle from −1 ps to approximately −0.6 ps that
reduces the contribution from O2 on H* in the H*−O1
direction (see the inset in Figure 1b). As the angle decreases in
time, the net e-field from O1 and O2 in the H* to O1 direction
decreases as O2 makes a stronger contribution to offset that
from O1 on H*. This e-field approaches ∼9 V/Å within 200 fs
of PT as the O2−O1−H* angle drops to near 10° at this time,
as shown in Figure 4. The e-field from all atoms (including O1
and O2) within a distance r < 6 Å and r < 15 Å from H* lower
the total field to ∼9 V/Å at −1 ps, indicating that the
neighbors counter the strong field from O1 and provide a net
e-field of ∼−2 V/Å on H* in the H* to O1 direction that
enhances proton transfer. Again, the atoms beyond 6 Å make
little additional contribution to the e-field on H*. The
importance of O1 and O2 on the net e-field on H* is also
shown in Figure 7 with the field from all atoms within 6 Å of
H*, excluding O1 and O2. It is clear that all other atoms place
a negative e-field on H* in the H* to O1 direction prior to PT,
thus weakening the H* to O1 bond and enhancing a transfer.
However, and importantly, this negative solvent e-field on H*
that excludes O1 and O2 decreases as time approaches PT (0
ps). This indicates that the solvent atoms excluding O1 and O2
create a lowered inducement for H* to transfer to O2.
Evaluation of the e-field caused by the two protons on O2
showed that they create a positive ∼1.3 V/Å on H* in the H*
to O1 direction at −1.0 ps but become more positive to ∼2.3
V/Å just prior to PT. This repulsion by these protons on O2 is
a part of the cause of the decrease in the inducement to PT by
solvent atoms on H* excluding O1 and O2. As shown next,
this proton-generated field on H* is offset when O2 is included
in the solvent calculations.

These results are corroborated by the data in Figure 8 that
shows the intermolecular e-field on H* provided by all atoms

at r < 6 Å and similarly r < 15 Å, excluding O1 and the other
proton on O1. The negative field in the H* to O1 direction
indicates that these intermolecular fields lessen the e-field on
H* to O1 and therefore enhance proton transfer from O1 to
O2, consistent with the implications from Figure 7. As the
O2−O1−H* angle decreases after ∼−0.6 ps shown in Figure
4, the arrow in Figure 8 indicates that a similar change occurs
in which the e-field in the H* to O1 direction becomes more
negative.

Figure 8 also provides two important features: one, the
intermolecular e-field is ∼−2 V/Å at −1 ps and two, the

Figure 7. E-fields on H* in the H* to O1 direction from different sets
of neighboring atoms showing the important effect of oxygens O1 and
O2 on the field and the weakening of the e-field created by
neighboring atoms excluding O1 and O2. See text.

Figure 8. Intermolecular e-field on H* in the H* to O1 direction
(excludes O1 and other H on O1) for atoms within 6 and 15 Å of H*.
The arrow shows slope change near −0.6 ps again.
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intermolecular e-field approaches −3.5 V/Å in the last 100 fs
prior to PT (with a rapid change to ∼−5 V/Å at PT). The
value of ∼−2 V/Å at −1 ps is slightly larger than that predicted
by Reischl et al. who used a rigid molecule potential and
calculated the field from the neighbors at the midpoint of the
O1−H* bond.35 (The midpoint location lessens the effect of
O2 on the calculation because of the longer distance from O2
to the midpoint versus to H*.) Using a nonreactive SPC-type
water model, Smith et al. found a value near −2 V/Å on H
with a hydrogen-bond length near 1.8 Å, increasing to −3.5 V/
Å with decreasing H-bond length.36 With the increasing
covalent O1− H* bond length shown in Figure 2, there is a
concurrent decrease in the hydrogen bond length between H*
and O2, the accepting oxygen, as shown previously,41 which
causes a weakening of the bond of H* to O1. This decrease in
the hydrogen bond length and the −3.5 V/Å e-field value seen
in the current data would be consistent with previous data.36

Of course, those simulations using nonreactive potentials did
not show the e-fields at the time of auto-dissociation or the
changes in the e-field as the covalent OH bond elongates and
the proton transfers, as shown here.

Previous analysis of the ELF of a dimer water molecule or a
water molecule in water showed that the lone-pair electrons
around the water molecule play an important role in the
formation of the hydrogen bond.19,32 In the current work
shown here using the multibody potential, the simulations
inherently reproduce this effect and show that in addition to
the local electric field from solvent atoms that plays an
important role in proton transfer, the final stability of the
transferred proton also depends on the orientation of the
accepting molecule to enable a proton transfer that lasts at least
1 ps on the accepting molecule. This behavior is manifested in
the formation of very short-lived (fs) ions because of the
misorientation of the receiving water molecule as discussed in
the Supporting Information and Figures S2 and S3.

Volkov and Artemov provided a concentration of 5.4 × 1020

cm−3 ion pairs deduced from their studies,25 although they
state that the data should be considered as “estimates”.
Analysis of the cumulative concentration of long-lived (>1 ps)
ion pairs in our data discussed above (per the 100 ps runtime)
results in a concentration of 8.01 × 1017 cm−3 (1.33 × 10−3

mol/L). This is considerably less than the Volkov result but
still 2 orders of magnitude higher than that expected from dc
conductivity data (10−5 vs 10−7). Inclusion of the shorter-lived
ion pairs increases the cumulative concentration of ion pairs as
a function of the time at which we start the cumulation, as
shown in Figure 9. Of course, the shortest femtosecond
lifetimes would be considered rattling. The average lifetime for
those lasting more than 1ps was 2.5ps.

Ceriotti et al. showed the effect of including NQEs in ab
initio calculations of hydrogen-bond fluctuations and proton
transfer.29 With inclusion of NQE in the calculations, they
observed protons on the order of 10−3 in the structural region
that corresponds to auto-dissociation. They also associate these
fluctuations to a decrease in the O−O spacing, similar to what
we and others have shown. It is clearly surprising (and perhaps
fortuitous) that we observe 20 1 ps-lived auto-dissociations out
of 27,000 waters (∼10−3). In their ab initio calculations,
Moqadam et al. also found that with local order parameters in
their ideal range, dissociation increased from 10−7 to 0.4.21

Finally, as mentioned above, all 20 transferring protons via
eq 1a eventually returned to their original donating oxygen
within the 100 ps analysis timeframe of the simulations via eq

1b. The resulting H3O+ and OH− ions created during auto-
dissociation had e-fields on the transferred proton that reduced
the stability of these ions during the simulations. Using a new
starting time for the proton, labeled H** on the H3O+ ion,
Figure 10 shows the total e-field on these transferred protons

while on the hydronium ions at times starting from 1 ps prior
to proton transfer at 0 ps, at which time neutralization of the
ions occurs according to eq 1b with H** transferring to the
OH− ion. The oxygen on the hydronium ion is labeled O1′
and the e-field in the H** to O1′ direction, labeled H** →
O1′, is shown. There is clearly a weaker e-field on H** while
on the H3O+ ion toward its covalently bonded oxygen, O1′,
than the value shown in Figure 1a for the transferring proton
on its covalently bonded oxygen in the H2O molecule prior to
transfer at times less than 0 ps. (Note that O1′ in the
hydronium ion was O2 in the original auto-dissociation
reaction.) The value of ∼6 V/Å shown in Figure 10 is
consistent with the post-transfer values (times greater than 0
ps) shown in Figure 1a that depicts the transferred proton on
the hydronium ions.

From Figures 1a,b and 10, proton transfer occurs when e-
field values for the proton toward its covalently bonded donor
oxygen are below ∼6 V/Å and the proton on H3O+ starts out
near that low value, consistent with the much lower stability of
protons on the hydronium ion than those on the water
molecule.

Figure 9. Concentrations of ion pairs as a function of their cumulative
lifetimes greater than the abscissa labeled times. From left to right,
times are 50, 100, 500, and 1000 fs.

Figure 10. Average local e-field on hydronium proton, H**, in the
H** to O1′ direction at times prior to neutralization of the H3O+ and
OH− ions that resulted from the original auto-dissociation reaction
given in eq 1a. Data averaged over all 20 neutralization reactions.
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■ CONCLUSIONS
By using a reactive interatomic potential that matches a variety
of scenarios involving water, the current simulations of 27,000
water molecules for 100 ps enable a more complete view of the
mechanisms of auto-dissociation of water molecules (where we
use the term “auto-dissociation” to mean the initial transfer of
a proton from one water molecule to another, without
consideration of farther separation of the ions). A result of
the simulations is that there is a larger number of auto-
dissociations of water molecules than is inferred from dc
conductivity studies or equilibrium thermodynamics. Only 20
protons (H*) in 100 ps that were on the donating water
oxygen for at least 1 ps show proton transfer via auto-
dissociation and remain on the acceptor oxygen for at least 1
ps. Nonetheless, all 20 protons return to their original oxygen
donor before the end of the 100 ps analysis period. This is
consistent with the rarity of measurable hydronium ions in dc
conductivity studies of water that require long-range structural
(and vehicular) diffusion away from the reaction site. The data
presented here are averaged over those H*.

Volkov et al. propose a concentration of ion pairs (H3O+ and
OH−) near 5.4 × 1020 cm−3, or ∼2% of the liquid, although
they state that their number is an “estimate”.25 Our simulations
of the 20 ion pairs detailed in the paper with ion pair lifetimes
longer than 1 ps result in a cumulative lifetime concentration
(per 100ps runtime) of 8.01 × 1017 cm−3 (1.33x10-3 mol/L)
which is considerably less than the Volkov result but still 2
orders of magnitude higher than that expected from dc
conductivity data (10−5 vs 10−7). These 20 auto-dissociation
events out of 27,000 waters are surprisingly similar to the value
of ∼10−3 auto-dissociation events observed by Ceriotti et al.
when they included NQE in their ab initio calculations.29 The
Voronoi volumes around O and H participating in the PT
events at the time of transfer are similar to the values observed
by Hassanali et al. in their ab initio calculations. These volumes
around the H*, O1, and O2 atoms at the time of PT are 10−
20% smaller than the average volumes for all other H and O
atoms in the system.

The dominant electric field on the transferring proton H*
comes from solvent atoms within 6 Å of the proton, with
atoms farther away having negligible influence. The value of
the local fields averaged over all protons in the system caused
by solvent atoms observed here is consistent with the electric
fields on water molecules observed in previous simulations that
used nonreactive potentials. Use of such potentials could not
show the fields at the time of auto-dissociation and the changes
that occur as time approached transfer of the proton. Hence,
the data presented here provide new insights into the fields
from the various contributors within femtoseconds of proton
transfer.

Results show that the concomitant hydrogen bond and
covalent bond lengths, the acceptor oxygen−donor oxygen−
proton (O2−O1−H*) bond angle, O1−O2 spacing, and the
electric field induced by solvent atoms on the transferring
proton (H*) all change within the last few hundred
femtoseconds prior to auto-dissociation in a manner that
enhances PT.

The e-field on H* from all atoms within 6 Å of H*,
excluding O1 and O2, is shown to be in a direction that
enhances PT at 1 ps prior to PT; however, and importantly,
this field weakens as time approaches PT. The implication of
such a result is that the solvent e-field that excludes the

acceptor oxygen O2 helps to orient H* toward O2 but is not a
deciding factor in eventual auto-dissociation.

Inclusion of O2 in the calculation of atoms within 6 Å of H*
(the intermolecular contribution to the e-field) provides a
more complete picture. This intermolecular contribution to the
field on H* is strengthened for PT as time approaches PT.
This is enhanced by the decrease in O1−O2 distance that
lowers the barrier to PT. This provides the definitive evidence
of the importance of the acceptor oxygen (O2) on enhancing
proton transfer and auto-dissociation caused by the reor-
ientation of the donating molecule and its H* hydrogen bond
to O2 and the shortening of the O1−O2 distance. However,
once the product ions are formed, our data shows that the e-
field on the transferred proton now in the H3O+ ion has a weak
net e-field to that new covalently bonded O. This weaker field
enables an easier transfer of the proton back to the nearby
OH− ion, as evidenced by the neutralization of all ion pairs
presented here within the 100 ps run, with an average lifetime
of these 20 H3O+ ions of 2.5ps.

Even in the case where an angular rotation of the donating
water molecule occurs, creating a low O2−O1−H angle, and
the e-fields of the solvent molecules are appropriate for PT, the
orientation of the acceptor molecule’s protons with respect to
the potentially transferring proton provides an important factor
in the resultant auto-dissociation reaction. Without an
appropriate orientation of the accepting water molecule, the
transferring proton is unstable as it approaches O2 and can
quickly return to O1 in a transient rattle that lasts a few to 10’s
of femtoseconds. This orientational aspect of the accepting
molecule is consistent with data observed in ELF analysis and
ab initio calculations showing similar very short-lived transient
transfers. Such events are indicative of “rattling” and are
different from the case of longer-lived ions presented here.

There are a couple of interrelated criteria that enable auto-
dissociation of the water molecule:

(1) a rotation of the donating water molecule to form a
more linear, stronger (shorter) hydrogen bond with the
accepting oxygen related to the shorter O1−O2 spacing
that:

(a) causes an increase in the covalent bond length that
weakens the bond to the donor oxygen41 and

(b) also induces a stronger role of the acceptor oxygen
(O2) on reducing the e-field in the H* to O1
direction while enhancing it in the H* to O2
direction, thus enhancing auto-dissociation;

(2) a good orientation of the accepting water molecule.

Finally, since the product ions discussed here eventually
recombine via eq 1b, results indicate that formation of the
structural chains (hydrogen-bonded water wires) that are
necessary to separate the ion pairs via proton transfers is less
probable, consistent with the low measurable concentrations of
such ions in dc conductivity measurements of water.
Nonetheless, the unexpectedly large concentration of short-
lived ions caused by auto-dissociation of water may offer a
potential method for engineering a process involving nano-
confined water between 2D layers. Designing a system that
gathers these ion products prior to neutralization may offer
useful applications.55,56
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