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Abstract Proton transfer to and from water is critical to the function of water in many set-
tings. However, it has been challenging to model. Here, we present proof-of-principle for an
efficient yet robust model based on Lewis-inspired submolecular particles with interactions
that deviate from Coulombic at short distances to take quantum effects into account. This
“LEWIS” model provides excellent correspondence with experimental structures for water
molecules and water clusters in their neutral, protonated and deprotonated forms, reasonable
values for the proton affinities of water and hydroxide, a good value for the strength of the
hydrogen bond in the water dimer, the correct order of magnitude for the stretch and bend
force constants of water, and the expected time course for Grotthuss transport in water

chains.
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1 Introduction

A functional description of water is not complete without proton transfer. In the abiotic
world, the amphiprotocity of water molecules provides the basis for proton diffusion that
is much faster than for any other cation [1]. In many proteins, H-bonded chains of water
molecules provide “wires” [2] that transfer protons to and from the active site. On the
surfaces of globular proteins, protons migrating in the surrounding H-bond network alter
dielectric properties and ionization states, with consequences for protein function [3]. And
in cell membranes, proton transfer through water chains is critical for establishing and
utilizing the proton gradients [4].

Unfortunately, simulations of these processes remain daunting. Certainly, quantum
mechanics (QM) is the gold standard for modeling changes in chemical bonding. However,
even with the most frugal basis sets and with the use of density functional theory, the
computational demands for QM grow at a forbidding rate with the size of the system. Em-
pirical models have the potential to provide a practical compromise between accuracy and
tractability. However, fully dissociable water models are few [5—8] and less straightforward
to implement than their non-reactive counterparts [9—13].

An approach that has received considerable attention in recent years involves mapping
proton defects into a low-dimensional space of nuclear coordinates, a.k.a. empirical states.
The MS-EVB approach, based on Warshel’s earlier empirical valence bond (EVB) theory
[14], is now widely used to simulate the dynamics of excess protons in liquid water [15],
through confined single-file water chains [16] and in biological systems [17]. The current
limitations of this method involve the lack of an accurate, reactive hydroxide and the non-
trivial setup for novice users.

In the present work, we demonstrate that full amphiproticity and polarizability can
be described in a pseudo-classical manner, with intuitive constructs, useful accuracy,
high efficiency, and straightforward implementation. Our approach is similar in spirit to
Stillinger’s Central Force (CF) [18, 19] and Polarization (PM) [5] models. The CF model
comprises a set of ingeniously designed, strictly pair-wise potentials that offer a dissociable,
three-site water molecule. PM, later improved to PM6 [20], converts the partially charged
CF atoms into fully charged oxygen (O>7) and hydrogen (H") ions, and provides a
polarization correction through an iterative electric field calculation. PM6 has been used
to study proton conduction through small water chains [21], and a TIP3P/PM6 interface has
been reported [22].

In our model, we unpack each O?~ particle into an O°* core (i.e., a combination of the
oxygen nucleus and the 1s electron pair) and four explicit valence electron pairs that are free
to move independent of each other and the H' particles. We name this model LEWIS, after
the simple chemical bonding theory that inspires the use of electron pairs. The question
is whether it is possible to construct pseudo-classical potentials between these Lewis-
inspired particles that adequately mimic quantum effects. Since no predefined connectivity
or geometric constraints are applied, such potentials would allow all the chemical bonds to
be naturally flexible, polarizable, and dissociable [23]. It is this lifting of bonding constraints
through heuristically obtained interactions that distinguishes LEWIS from EPEN [24-26]
which employs similarly explicit valency in a rigid model of water.
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2 Methods
2.1 Potentials

The LEWIS model is defined by six pairwise interactions between three types of particles,
valence pairs (V), hydrogen nuclei (H), and oxygen cores (O). For computational efficiency,
we are specifically interested in interactions that are smooth, isotropic, analytical and strictly
pairwise. In addition, we require that

1. All six potentials obey the long-range electrostatic limits that correspond to the full
ionic charges of the particles, i.e., go = 6, gu = 1, and gv = —2 in elementary
units,

2. Potentials that involve an electron pair, i.e. Uyy, Uyy, and Ugy, are attenuated at short
range to reflect the diffuse nature of the actual electron distribution,

3. Upy have a short-range repulsive wall that corresponds to Pauli exclusion between
valence electron pairs and 1s electrons,

4. The repulsions involving O cores, i.e., Upo, Uon, are somewhat attenuated by disper-
sive attractions [27], and

5. Uyy is a simple monopole—monopole interaction.

Within this vast functional space, we search for potentials that maximize agreement with
structural and thermodynamic data for water monomers and dimers, with minor adjustments
to accommodate bulk water properties. The potentials that give the results reported here are
shown in Fig. 1.

2.2 Monte Carlo simulations

Monte Carlo (MC) simulations were performed to locate global energy minima of water
clusters. The traditional Metropolis criterion [28, 29] was applied as described elsewhere
[30]. Two types of movements were attempted in every step with equal likelihood: single
particle displacements, and intact monomer rotations or translations. A monomer is defined
as the set of particles including and surrounding an oxygen nucleus within 1.2 A. Spatial
steps are adjusted to obtain acceptance probabilities of ~40% as recommended elsewhere
[31]. Low temperatures (7 = 1 K) are chosen to accelerate annealing and multiple starting
configurations and higher temperatures are attempted in larger clusters.

2.3 Molecular dynamics simulations
Newton’s equations of motion are solved using the velocity Verlet algorithm [32] with a

time step of 0.2 fs and a fictitious electron pair mass of 1 a.m.u. Temperature is maintained
at 300 K by randomly reassigning velocities every 100 steps.
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Fig. 1 Model potentials

(in a.u. = 1,389 kJ/mol) as a
function of interparticle

distance (in A): a Uyy, Uvn,
and Upy; b Upp and Upy. For
comparison, the corresponding
purely Coulombic potentials

are shown as dashed lines. The
inset in (b) shows the difference
between the model potentials and
the corresponding pure Coulomb
potentials. Upy (not shown) is
purely Coulombic

3 Results

3.1 Monomers: water, hydronium, and hydroxide

The neutral, protonated, and deprotonated forms of water are central to our training set. All
bond lengths and bond angles are included, along with the two associated proton affinities
(PAs), PA(H,0) and PA(OH™). Also included in the training set, albeit with lesser weights,
are PA(H™) and the bond length for dihydrogen (H,). The results of the fit are illustrated
in Fig. 2 and summarized in Table 1. Symmetric bending and stretching force constants

Fig. 2 Monomers: a Water,

b hydronium, ¢ hydroxide,

and d dihydrogen. Oxygens are
rendered red (dark gray in print),
protons white, and electron pairs
green (light gray in print)
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Table 1 Fit to features

. o Molecule Feature Unit Model Reference
in the training set
H,O rOH A 0.95 0.958 [33]
OHon deg 104.7 104.4 [33]
PA kJ/mol 643.2 691.0 [34]
H;0% 7OH A 0.97 0.976 [35]
OHoH deg 108.9 111.3 [35]
OH™ roH A 0.99 0.964 [36]
Features include oy and PA kJ/mol 1693.6 1635.1 [37]
r1p, covalent bond lengths, H, FHH A 0.66 0.741 [38]
0 nor, HOH bond angle, H- PA kJ/mol 1567.8 1675.3 [39]
and PA, proton affinity (H20), 700 A 2.88 2.976 [40]
"l"l}lu:f reference _Valuets are t 0 donor deg —46.6 —51.0 [40]
all from experiment, exce
for the O—g distance ofthpe H0,* faceepmr dAeg 3;3‘2 5;20[‘;2]1]
deprotonated dimer, which is 2 00 : :
from a QM calculation H;0, 0o A 245 247 [42]

have the proper order of magnitude but indicate a somewhat stiff water monomer. This
stiffness, however, still permits strained configurations, such as in cubic water octamers
(see Section 3.3).

3.2 Dimers of water
All three dimers, i.e., H,0..H,0, H,0..H;0™, and H,O..OH, are included in the training
set (Table 1) to determine the Upo potential. In the fit for the neutral dimer, the oxygen—

oxygen separation (#O0) is 2.88 A, and the acceptor and donor are tilted by ~32.2° and
~46.6°, respectively (Fig. 3a). This ¥OO is closer to the high level QM result (2.91 A [43])

Fig. 3 a Neutral, b protonated, a
and ¢ deprotonated dimers,

using the same color scheme

as in Fig. 2

b

o A
4
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Table 2 Comparison Model 700 (A) — AE (k/mol)
of water dimers
TIP3P [10] 2.76 272
TIP4P [10] 2.75 26.1
TIP5P [10] 2.68 28.4
POLS5/TZ [44] 2.90 20.8
TIP4P/FQ [45] 2.92 18.8
Amoeba [46] 2.89 20.8
N larizabl dels tend LEWIS 2.88 25.9
on-polarizab’e modeis ten MP2 [43] 291 20.5
have shorter dimers to improve .
Experiment 2.98 [40] 22.8 [47]

liquid state properties [48]

than to the slightly longer spectroscopic value of 2.98 A [40]. The H-bond enthalpy of the
dimer is 25.9 kJ/mol, and about a fifth of this energy is due to polarization. High-level
QM calculations indicate a smaller bond enthalpy (20.50 kJ/mol [43]), which is typically
overestimated by empirical models (Table 2).

The fit for the protonated dimer (Zundel) has an OO of 2.42 A, and the excess
proton is approximately equidistant from the two oxygens (Fig. 3b), in agreement with
experimental [41, 49] and theoretical findings [50]. The deprotonated dimer (Fig. 3c) has
an asymmetrically shared proton and the dangling OHs face in opposite directions, forming
an approximately planar configuration. The rOO value of 2.45 A agrees well with high-
level QM calculations (2.47 A [42]). The association enthalpies of the cationic and anionic
Lewis dimers are —159.8 and —138.2 kJ/mol, respectively.

3.3 Neutral water clusters

Structures with more than two monomers are beyond the scope of our training set and
provide initial tests of the prediction capabilities of LEWIS. The association enthalpies
and O-O distances of small water clusters are summarized in Table 3. Among the small
neutral clusters, (H,0)3, (H,0)4, and (H,0)s form closed rings (Fig. 4a—c) whereas the
lowest (H,O)¢ minimum is a twisted prism, favored by by ~1.8 kJ/mol over the cyclic
form (Fig. 4d, e). The water hexamer is suggested to have four low-lying minima [51]
and the lowest energy configuration differs even between high-level ab initio calculations
[52]. LEWIS predicts two low-lying minima for the water octamer, (H,O)s, S4 and Dyg
symmetric cubes (Fig. 4f), in agreement with high-level theory [53].

Table 3 LEWIS predictions for energies of small neutral clusters

Molecule Number nn —AE (kJ/mol) —AEpong (kJ/mol) 700 (A)

(H20)3 3 3 76.31 25.43 2.75-2.76
(H20)4 4 4 142.1 35.53 2.71-2.72
(H20)5 5 5 191.4 38.28 2.62-2.71
(H20)6(cyclic) 6 6 241.2 40.20 2.66-2.67
(H20)s(twisted prism) 6 7 243.0 34.72 2.63-2.87
(H20)8(D24) 8 12 374.9 31.24 2.71-2.88
(H20)g(s4) 8 12 374.9 31.24 2.71-2.90

nj, = number of hydrogen bonds

The association enthalpy is given by AE = Eqjyster — nEH20, and the energy per hydrogen bond is given by
A Epond = A E/ny. For O-0 distances (r00), ranges are given
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a b

Fig. 4 Small neutral clusters of water: a trimer, b tetramer, ¢ pentamer, d, e cyclic and twisted prism
hexamers, and f D4 cubic octamer, using the same color scheme as in Fig. 2

3.4 Small ionized water clusters

Protonated and deprotonated clusters of water are known to exhibit a wide variety of isomers
with increasing size [54]. For brevity, we consider here only clusters of three and four
monomers. The DFT prediction is maximum coordination of the ion: both the trimers and
the tetramers have their water ion at the center such that the former structure exhibits
a pseudo-2-fold- and the latter a pseudo-3-fold-symmetry (Eigen-like). LEWIS predicts
the same configurations (Fig. 5) with OO separations in agreement to within ~2%. Less
branched ionic tetramer configurations are unfavorable (by ~15 kJ/mol), consistent with
the greater strength of ionic H-bonds over neutral ones.

3.5 Long-range proton transfer through a water chain

Water chains, a.k.a. “proton wires”, are well-known mediators of long-range proton
transfers [2, 55-57]. Transport is thought to occur via the “Grotthuss” mechanism [58, 59],
which involves alternating “hop-and-turn” steps, i.e., protons hop across H-bonds between
molecules and then the molecules reorient for the next passage. To mimic such a process,
we set up a five-membered single file chain with water oxygens initially spaced by ~3 A
and with one terminus protonated and the other deprotonated such that the molecules were
initially oriented dysfunctionally, i.e., with their H-bonds donating toward the hydronium
end of the chain (Fig. 6a). In constant temperature molecular dynamics simulations (7 =
300 K), we observed initial reorientation of monomers to form H-bonds donating toward the
hydroxyl end of the chain (Fig. 6b), followed by proton hops that result in migration of the
excess proton and the proton hole from the ends (Fig. 6¢, d) until they meet and annihilate
(Fig. 6e). This series of events is completed within fractions of a picosecond, in agreement
with reported estimates of water reorientation times and proton hopping rates [59].
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Fig. 5 Minimum energy configurations of the protonated and deprotonated trimers (a, b) and tetramers
(¢, d), using the same color scheme as in Fig. 2

A .
r + o &
N e
y v A
b b ¥ B

Fig. 6 Snapshots of Grotthuss-like proton transfer through a five-member chain: a initial arrangement of
moleculesatr =0,b =50 fs, ¢t =100 fs, d r = 140 fs, and e # = 320 fs, using the same color scheme as
in Fig. 2. See text for details
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4 Discussion

We were able to arrive at functional forms for pair-wise potentials between Lewis-
inspired subatomic particles that produce an energy landscape for oxygen hydrides in
which the minima have appropriate locations, depths, and shapes, and are separated by
appropriate energy barriers, as judged, respectively, by the structures, proton affinities and
H-bond strengths, flexibilities, and proton dynamics in predicted water clusters. The results
demonstrate that, via an explicit account of valency, a pseudo-classical model can capture
two related effects, polarization and bond rearrangements, in a natural and chemically
consistent way, without resorting to computationally demanding multi-body interactions
or iterative adjustments. The greatest possible transferability is accomplished by eschewing
any reference to connectivity, such that all particles of a given type are truly interchangeable.
This is an expected feature of a reactive force field.

Ongoing work is focused on an extension of this approach to carbon and nitrogen
hydrides as a prelude to simulating reactions involving small organic molecules. We are
also working on a hybrid interface between LEWIS and other commonly used models.
We expect that the LEWIS model for water, together with its further generalizations and
extensions, will be a valuable tool in various areas, including functionally important water
molecules in proteins, proton conductivity in various media, water behavior at surfaces and
around solutes, and acid—base catalysis of organic reactions.
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