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ABSTRACT

Proton transport in aqueous systems occurs by making and breaking covalent bonds, a process that classical force fields cannot reproduce.
Various attempts have been made to remedy this deficiency, by valence bond theory or instantaneous proton transfers, but the ability of
such methods to provide a realistic picture of this fundamental process has not been fully evaluated. Here we compare an ab initio molecular
dynamics (AIMD) simulation of an excess proton in water to a simulation of a classical H;O" in TIP3P water. The energy gap upon instanta-
neous proton transfer from H3;O" to an acceptor water molecule is much higher in the classical simulation than in the AIMD configurations
evaluated with the same classical potential. The origins of this discrepancy are identified by comparing the solvent structures around the
excess proton in the two systems. One major structural difference is in the tilt angle of the water molecules that accept an hydrogen bond
from H30™. The lack of lone pairs in TIP3P produces a tilt angle that is too large and generates an unfavorable geometry after instanta-
neous proton transfer. This problem can be alleviated by the use of TIP5P, which gives a tilt angle much closer to the AIMD result. Another
important factor that raises the energy gap is the different optimal distance in water-water vs H;O*-water H-bonds. In AIMD the acceptor
is gradually polarized and takes a hydronium-like configuration even before proton transfer actually happens. Ways to remedy some of these
problems in classical simulations are discussed.
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. INTRODUCTION

The products of water self-dissociation are present at low
concentrations but have dramatic influence on chemical and bio-
chemical processes. Introductory textbooks show the excess proton
added to a water molecule to form the hydronium cation (H;0%).
Hydronium H-bonds strongly to three H,O molecules, forming
the C3-symmetric Eigen cation [HoO4]*. Alternatively, the proton
can be shared equally between two water molecules, forming the
C2-symmetric Zundel cation [Hs0,]*. Whether Eigen or Zundel is
the dominant form in protonated water has been debated for a good
while.'” The picture that emerges from most theoretical calcula-
tions is that the excess proton forms an Eigen cation that is distorted
from C3 symmetry because at any given time the H3;O" associates
more closely with one of its three hydrogen bonded partners (the
“special pair”)."’

Proton/hydroxide transport plays important roles in chemistry
and biochemistry. Proton diffusion in water takes place by hopping

of protons between hydrogen bonded water molecules (the Grot-
thuss mechanism, or structural diffusion). This is why H;0" has a
diffusion coefficient of 0.93 A? ps_l,“ while the water self-diffusion
coefficient is only 0.23 A% ps™'.” The passing of a proton from one
water molecule to the next takes about 0.5 ps.” The proton has to
move only < 1 A while electronic charge transfer changes the two
involved bonds from covalent to hydrogen bond and vice versa. The
proton transfer (PT) process is thus commonly described as a tran-
sition from one distorted Eigen complex to another via a Zundel
intermediate,” with the interconversion between Eigen and Zundel
taking less than 100 fs.”

Because proton diffusion involves bond making and breaking,
the natural approach to study this process is quantum mechan-
ics. Significant insights have been obtained by ab initio molecular
dynamics (AIMD) simulations over the past two decades.'’”"” How-
ever, the large computational expense severely limits the timescale
and the size of the systems studied; most proton transport processes
in biochemical systems are beyond the reach of AIMD methods.
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This led to the development of more approximate empirical or
semiempirical methods. Most extensively employed is the Multistate
Empirical Valence Bond method'*'” where the state of the system
is a hybrid of classical states with the proton at a different loca-
tion. Other methods include Q-HOP,'® A-dynamics,'” ReaxFF,'® and
various empirical schemes.'”*’

Our lab recently proposed an algorithm called mobile hydro-
gen (MOBHY).”! In the current implementation of MOBHY into
the CHARMM program’” a proton hop is an instantaneous event.
With all surrounding atoms fixed, the difference in potential energy
upon transferring the proton (AEpyp) is calculated. A Metropolis-like
criterion is used to determine if the exchange is accepted or rejected.
The solvation shell can only adapt after the hop is accepted and reg-
ular MD simulation resumes. AEy,p is typically very high due to
the sudden change. Experimentally however, the energy barrier for
water-water proton transfer is very low, because the solvation shell
molecules adapt gradually already during migration of the charge
defect. One may justifiably wonder to what extent these classical tra-
jectories resemble the AIMD trajectories and how the realism of the
classical trajectories could be improved.

To that end, we compare here an ab initio molecular dynam-
ics (AIMD) simulation trajectory of an excess proton in water”’ to
classical MD simulation trajectories of hydronium in water. We first
calculate the instantaneous proton hopping energy gap in both sys-
tems and then examine differences in structure that can account
for the observed differences in the energy gap. Finally, we discuss
ways that these differences can be reduced and the realism of classi-
cal MD improved. This work focuses on solvation structure and its
effect on single proton hopping energetics. Dynamic effects, such as
rattling” " or burst and rest behavior,””” require a different type
of analysis which is left for future work.

Il. METHODS

An ab initio trajectory of an excess proton in water’ was
generously provided by Prof. Mark Tuckerman. The 30.6-ps
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microcanonical simulation used DFT-based Car-Parrinello MD
with B-LYP functionals and DVR basis functions on 32 water
molecules and one excess proton in a cubic periodic box of edge
length 9.87 A. No dispersion corrections were included in that
study. Later work found significant effects of such corrections on
OH™ solvation but confirmed the basic picture of PT by H;O*." "
For our analysis, we extracted configurations from the trajectory
at a 2 fs interval, leading to 15300 coordinate frames. Hydrogens
were assigned to the closest O and the O with three assigned H
was identified as the H3O". To make energy calculations compa-
rable to CHARMM and to detect hydrogen bonds into the second
solvation shell, we added copies of the system around the cen-
tral simulation box (one layer of periodic images). In these copies,
the excess proton was removed. This resulted in a cubic box of
29.6 A side length with 863 solvent molecules and one H;0" ion.
The ab initio simulation box was always centered at the hydro-
nium O. We used a geometric criterion (covalent OH bond length
> 1.15 A) to define AIMD frames involved in PT and distin-
guish them from non-transfer frames (see Fig. S1 in supplementary
material for justification).

All classical simulations used 982 solvent molecules and one
H;0" ion, in a cubic box of 31.1 A initial edge length. The simu-
lations were equilibrated for at least 10 ps. Production was run for
1 ns using constant temperature and pressure with a Hoover ther-
mostat (300 K) and a Langevin barostat (1.0 bar). A 2-fs time step
was used for simulations with SHAKE and 1-fs for freely vibrating
simulations. Trajectories were written out such that each contained
25000 frames, resulting in about 50 000-70 000 hop attempts per
classical system. We employed Particle Mesh Ewald for the long
range electrostatics and the TIP3P water model (CHARMM version
with LJ-potential on H). For the excess proton we chose the Sagnella-
Voth (svH30) model of H;0™? which is similar in spirit to the
TIP3P water model. Another model with increased atomic partial
charges aimed to reproduce the experimental solvation free energy
in TIP3P*! is referred to as the polarized hydronium model (pH30).
For reasons that will become evident below, we also performed and

<

K\ -1.400
0.834 ﬂ -0.241 p
/ / i Vv
| ()
+0.417 +0.241
+0.800
TIP3P TIP5P svH30 / pH30

FIG. 1. Molecular models used in this work. Charges in e and bold font, angles in gray.
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analyzed simulations in TIP5P solvent.”” An overview of the models
used in this work is given in Fig. 1.

The hopping energy gap (AEp,p) was calculated with either the
MOBHY module of CHARMM (only for TIP3P solvent) or more
generally with a “coordinate swapping” CHARMM script. We used
this script to analyze all trajectories. To start, we added the miss-
ing TIP5P lone pair particles to AIMD’s atomic coordinates before
initial energy evaluation. Our script then iterated through the three
closest acceptor molecules, successively exchanged the coordinates
of each H30" donor and H,O acceptor pair, and optionally also
adjusted the hydrogen atoms to an idealized position, similar to the
way MOBHY uses geometric rules to place the new hydrogen after a
protonation status exchange. In all protocols, any lone pair particles
are regenerated according to the new atomic positions before a final
energy evaluation.

We limit the selection of potential proton acceptors to water
molecules within the first solvation shell, i.e. to solvent molecules
that have their oxygen within 2.9 A (classical TIP3P, AIMD) or
2.7 A (classical TIP5P) of the hydronium oxygen. We defined
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this cutoff according to the respective radial distribution functions
(see Results). For the analysis of water - water H-bonds that the
acceptor molecules make, we analogously use 3.25 A. We limited the
D-H---A hydrogen bond angle to 40° off-linearity (parameter
cuthba 40 in CHARMM'’s hbond facility). In the classical simulations
we discarded all configurations where the H3O™ is within 3 A of the
box boundary either before or after the hop.

Solvation free energy calculations were conducted with the
PERT module of CHARMM by converting the single H;O" into
either TIP3P or TIP5P and adding the solvation free energy of a
water molecule. Ten evenly spaced perturbation windows were run
for 10 ps each, using a 1-fs time step, and the first 2 ps of each
window were discarded.

lll. RESULTS
A. Energy gap and its decomposition

AEp,p is the difference in potential energy (energy gap) upon
instant PT. We first evaluate ab initio trajectory configurations with

TABLE I. AEy, in AIMD configurations evaluated with classical potentials (kcal/mol). In the upper part of the table the covalent bond of H3 (the transferred proton) is adjusted
to the same length after a hop as it had before a hop. In the lower part of the table an ideal hydronium configuration is imposed before and after the hop. Error bars are standard
deviations.

In TIP3 In TIP5
svH30 pH30 svH30 pH30
With vibrating bonds, minimal H3 coordinate adjustment
All configurations 152 +10.5 15.1 +12.6 15.5+10.4 18.1+13.3
All covalent bonds < 1.15 A (36 330 hop attempts) 153 +9.9 14.8 £ 12.0 16.3+£9.8 18.2 £ 12.6
Along a covalent bond > 1.15 A (3094 hop attempts) 42 +86 40+113 42+88 44+119
Mid-PT configurations (302 hop attempts) -0.1+£8.0 -0.2+11.0 -0.3+£85 -04+11.4
With SHAKE before + after, all H’s idealized
All configurations 13.4+85 13.3+10.3 149 +9.1 16.4 +11.6
All covalent bonds < 1.15 A (36 330 hop attempts) 139 + 8.0 13.6 £9.9 155+ 8.6 16.8 + 11.1
Along a covalent bond > 1.15 A (3094 hop attempts) 45+8.1 49+9.7 4.8+ 8.6 55+ 11.1
Mid-PT configurations (302 hop attempts) 14+74 1.9+9.2 09+79 1.4 +10.5

TABLE II. AEy, and its decomposition in classical and AIMD trajectories (kcal/mol). Constant bond lengths enforced in all trajectories at all times. Error bars are standard
deviations.

AEhop AEdon-acc AEBdgon-1st AEdgon-env AEacc-eny AErem
Classical trajectories
TIP3P svH30 38.3+84 10.1 £ 4.7 22.7 £12.8 -1.0+£9.2 -4.0+3.5 10.5 £ 15.5
pH30 47.6 £10.0 155+ 5.7 27.8 £14.8 -0.4 +£10.4 -5.5+3.6 10.1 £17.5
TIP5P svH30 31.1+7.0 13+24 33.8 +13.0 -94+11.1 -1.1+3.6 6.5+17.3
pH30 376 +7.6 14+24 44.1 + 154 -12.8 £12.8 -0.1+3.9 4.9 +20.2
AIMD trajectory evaluated with classical potentials (all cov < 1.15 A)
TIP3P svH30 13.9+ 8.0 1.6 +5.2 7.2+11.6 -13+6.8 4.6 +4.6 1.8+£13.2
pH30 13.6 +9.9 24+6.7 7.6 +14.3 -25+75 4.6 +4.6 1.4 £ 155
TIP5P svH30 155+ 8.6 14+53 11.8 +13.4 -1.6+7.3 24+4.1 1.4 +14.9
pH30 16.8 £ 11.1 22+6.8 13.8 £ 16.8 -2.7+82 24+41 1.0+17.9
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classical potentials in Table I (Fig. S2 in supplementary material
shows the complete distributions). The energy gaps are similar
regardless of the classical potential used to evaluate them. The con-
figurations with a hydronium O-H covalent bond longer than 1.15 A
(signifying a system en route to proton transfer) have substantially
lower energy gaps, as expected. Those in the middle of a PT event
are even lower. For the remainder of this text, we will by default only
include non-hopping AIMD frames into our analyses where all of
hydronium’s covalent bonds are shorter than 1.15 A. The energy
values do not change much if one idealizes the hydronium struc-
ture before and after the hop, and they are substantially lower than
those obtained from classical MD in Table II. Regardless of the hop-
ping protocol and classical potential used, AIMD’s AEy,, average
remains almost the same, and a sizeable fraction of configurations
gives a negative AEj,,.

The same calculation on classical configurations shows much
higher energy gaps (Table II and Fig. S2). To determine the origin
of the large difference in AEjp,, between classical and AIMD config-
urations we decomposed it into several contributions: (a) the donor
H;0" -proton acceptor interaction, (b) the interaction of H;0" with
the 1st solvation shell waters other than the proton acceptor, (c) the
interaction of H3;O™ with all molecules beyond its st shell, (d) the
interaction of the proton acceptor with all molecules except H;0™,
(e) the remainder, which includes long range electrostatic effects
(Ewald). That is,

AEhop = ABdon-acc + AEdon-1st + ABdon—env

+ AE&CC—CI’IV + AErem (1)

The results are also shown in Table II. Two terms are strik-
ing: first, the donor-acceptor interaction makes a large contribution
in TIP3P, but not in TIP5P. This term is small and similar to
TIP5P in the AIMD configurations. Second, the donor-1st shell
contribution in both classical systems is much larger than in the
AIMD configurations. This means that the main contribution to the
instant PT energy gap comes from those close molecular contacts in
the Ist solvation shell that are exchanged and unequilibrated after
the hop. The structural causes of these differences are investigated
in Sec. I1I B.

ARTICLE pubs.aip.org/aipl/jcp

B. Structural comparison
1. Radial distribution function (RDF)

Figure 2 shows the O- - -O RDF in the different systems (O* is
hydronium’s oxygen). We only calculate the RDF up to a radius of
5 A for the AIMD system (grey) because the original cubic simu-
lation box is only ~10 A long. For comparison with experimental
data, see our previous work.”" Several important differences are
seen between the classical and quantum trajectories. The 1st peak is
higher in the classical trajectories and in some cases too far (svH30
in TIP3P) or too close (pH3O in TIP5P). pH30 in TIP3P and svH30
in TIP5P show a 1st solvation shell peak at about the right distance.
Striking is also the lack of 2nd solvation shell peak in TIP3P. It is
a known structural deficiency of the TIP3P water model that the
pure water O---O RDF lacks a second peak,’’ and this seems to
carry over to Hj O™ solvation too (our RDFs of pure H>O in the dif-
ferent systems can be found in Fig. S3 in supplementary material).
TIP5P does a much better job reproducing the 2nd solvation
shell peak.

We also calculated the solvation free energies AGsoly for the
four classical models’ combinations. For the svH30O model, we cal-
culated a solvation free energy of —84.6 + 0.7 kcal/mol in TIP3P and
—108.6 + 0.3 kcal/mol in TIP5P. For the pH30 model, we calcu-
lated —-97.2 + 0.3 kcal/mol in TIP3P and -129.6 + 0.8 kcal/mol
in TIP5P. The experimental value is —95.6 to ~101.6 kcal/mol.””"’
Thus, svH30 in TIP5P and pH3O in TIP3P give results closer to
experiment, in line with the more accurate position of the 1st RDF
peaks.

All four combinations of classical models show significant den-
sity near the 1st minimum of the AIMD RDF around 2.9 A. TIP5P
actually features a low peak right at 2.9 A. We term this region
between the end of the 1st and the beginning of the 2nd solvation
shell the “1.5th solvation shell” and investigate it in detail in Figs
$4 and S5 in supplementary material. The region is basically popu-
lated by three kinds of molecules (refer to Fig. 3): (a) directly above
the H30", donating or almost donating an H-bond to it; (b) slightly
above the three H-bonded acceptors, in the interstices between
them, with a range of orientations; (c) directly below the H;0%,
with hydrogens pointing straight away. Most molecules reside in
the hemisphere above H;0%, and at least 93% of them are not

I L R R R AR R LRl Rannn Lyl Rans RS LR RARLE LLRS AR RS LR REaa nanan B LY
1 pH30 in TIPS
8- 4+ -3
pH30 in TIP3
6l - 6
= .
=)
4+ Jk
2_ - =
.
) P U N PR L P FEEE DU FUTEU R || P PURIN P PR N ) 1 4w PR ST SR [
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FIG. 2. Radial distribution functions of solvent oxygen around hydronium oxygen.
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positi

nadir

FIG. 3. Tilt and positional angle in the 1st solvation shell.

H-bonded to the donor-acceptor complex in any way, according
to our definition, both in TIP3P and TIP5P. There are compara-
tively more molecules right above and especially right below H;O"
in TIP5P than in TIP3P. This position is probably favored due to the
three TIP5P acceptor molecule’s H-bonds extending into the solvent
at a steeper angle than in TIP3P. The population shift from fluc-
tuating interstitial to more permanently occupied apex and nadir
positions seems to cause the local difference between the TIP3P and
TIP5P RDFs, respectively.

Due to their RDF and AGgyy, from here on we will focus only
on pH30 in TIP3P and svH3O in TIP5P. All calculations were also
conducted with svH3O in TIP3P and pH3O in TIP5P (results not
shown). The calculated RDFs are used to define the 1st solvation
shell for the analyses that follow as an oxygen-oxygen distance of
2.9 A for AIMD and TIP3P, and 2.7 A for TIP5P. We also use water-
water O---O distance to define the cutoff for purely water-water
H-bonds as 3.25 A, based on Fig. S3.

2. Tilt and positional angles, before the hop

We now investigate the structure of the 1st solvation shell.
The D-H- - -A H-bond angle only gives information on donor ori-
entation. Information on an acceptor’s orientation is given by its
tilt angle, defined as the angle between its dipole moment vector
and the O*O vector (Fig. 3). Visual examination of the trajecto-
ries showed that TIP3P acceptors adopted a tilt angle close to 180°,
whereas AIMD waters had a tilt angle closer to 135°, pointing a lone
pair to the hydronium. Isolated hydronium with TIP3P or TIP4P
in the gas phase produced a similar orientation. Only TIP5P with
its explicit lone pairs was able to reproduce the tilting observed
in AIMD. That was the motivation for extending our studies
to TIP5P.

We also define a positional angle (Fig. 3) to describe a
molecule’s placement in the 1st solvation shell relative to H;0". We
define it as the angle formed by the hydronium oxygen, the center
of geometry of its three hydrogens, and the acceptor water oxygen.
Hydronium’s hydrogens reside at exactly 90° when the molecular
geometry is ideal. A water molecule above the apex is at 0° and below

the pyramid is at 180°. The positional angle informs us on where
H30" is facing relative to the acceptor.

The large panels of Fig. 4 (left) show a scatter plot of the tilt
and positional angles of 1st solvation shell molecules. Their respec-
tive marginal probability distributions are shown in the small panels
attached to the left or below. TIP3P (red) and especially AIMD
(gray) molecules show a wide range of tilt angles, while TIP5P (cyan)
molecules, once H-bonded, show a more limited range of tilt angles.
TIP5P’s average tilt angle matches AIMD well at ~130° but the aver-
age tilt angle of H-bonded TIP3P acceptors is too large, at ~160°,
with H1 and H2 pointing more or less directly away from the donor.
The positional angles of both models match the AIMD result quite
well.

3. Tilt and positional angles after the hop

Upon PT, the H3 of the donor is added to the acceptor at a
position compatible with hydronium’s idealized pyramidal geom-
etry. The tilt and positional angles after a hop are shown in
the right panels of Fig. 4. The left and right side are very simi-
lar for TIP5P and AIMD. The positions of the gray main peaks
remain virtually the same. The only difference between pre- and
post-hop situation is that a small additional peak appears at ~50°
tilt angle and right above the H;O", where a molecule from the
2nd solvation shell has donated an H-bond to an acceptor; this
bond is now donated to the new H3;O" post-hop. For classical
TIP5P, the same small population appears in dark blue in Fig. 4,
where the color indicates an unfavorable H;O"- - -H,O interaction
energy.

In the classical TIP3P trajectory however, pre- and post-hop
situation differ substantially. A new peak appears at ~50° in the posi-
tional angle distribution, corresponding to the water molecule the
proton just came from. That is a bit above the hydrogen plane, and
off from either a proper accepting or donating position. The dark red
and magenta colors in Fig. 4 indicate an (unfavorable) interaction
energy between H3O" and a TIP3P of higher than —10 and higher
than 0 kcal/mol, respectively. This population of water molecules
where the proton just came from shows predominantly these
colors.
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the supplementary material.

All this happens because the transferred H3 proton has to be
placed off the O*O vector to satisfy hydronium’s ideal pyramidal
geometry (Fig. 5). When the acceptor’s tilt angle is ~130°, an ideal
pyramidal H3O™ fits snugly in its place, but TIP3P’s tilt angle is too
large for that. Idealized H3 placement breaks the transfer H-bond
90% of the time in TIP3P, 22% in AIMD non-PT frames, 12% in
AIMD PT frames, and 2% in TIP5P. This is the reason that AE4on-acc
is so large for TIP3P and improves substantially in TIP5P.

4. 1st shell interactions

We now turn to the analysis of the 1st shell contribution, which
is related to H-bonding. First we consider H bond acceptance and

then donation. Due to its charge, the hydronium is expected to
be a poor acceptor of H-bonds. Indeed, as seen in Table III, it
accepts an H-bond only 12% of the time in the non-PT AIMD
frames, and either 19% or 0% in the classical systems. Formation
of this H-bond is considered to initiate proton hop attempts.”
Indeed, H-bond acceptance by H;0" increases to 29% in PT AIMD
frames (Table I1I) and AEp, is lower when this H-bond exists
(Table IV).

The proton acceptor water molecule accepts one H-bond from
the hydronium. It may also accept a second H-bond from another
water molecule. In the AIMD trajectory, this happens 76% of the
time. In fact, loss of this additional H-bond is thought to be the rate
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TABLE IIl. Average number of H-bonds accepted by the H30* and the acceptor
water molecule. This number is in addition to the transfer H-bond. After a hop, the
numbers below will be swapped. The H-bond criterion is >140° D-H-. - -A H-bond
angle and < 3.25 A O- - -O distance. Error bars are standard deviations.

By the H;0* By the acceptor H,O
AIMD (cov <1.15 A) 0.12 +0.32 0.76 + 0.48
AIMD (cov >1.15 A’ 0.29 + 0.45 0.45 + 0.52
pH3O in TIP3 0.19 £ 0.39 0.07 £ 0.25
svH30O in TIP5 0.00 + 0.06 0.34 + 0.48

*Only hops along the stretched covalent bond are included (~3000 frames), not hops
to the other acceptors along bonds of normal length. Note that hopping frames include
frames before and after a hopping event.

limiting step for proton transfer.'”’"”” We find that indeed, the exis-
tence of this H-bond contributes unfavorably to AEp.p, (Table IV). In
the classical simulations, acceptance of an additional H-bond occurs
less often, especially in TIP3P. In fact, H;O" accepts an additional
H-bond more often than a TIP3P in the Ist solvation shell. The
wrong tilt angle is partly responsible for this. TIP5P has the cor-
rect tilt angle, but still it accepts an additional H-bond about half

ARTICLE pubs.aip.org/aipl/jcp

TABLE V. Average number of H-bonds donated by the H;O* and the acceptor water
molecule, before and after the hop. The criterion for H;O*- - :H,0 H-bonds is > 140°
D-H-: - -A H-bond angle and < either 2.90 A (AIMD, TIP3P) or 2.70 A (TIP5) O- - -0
distance. For H,0- - -H,0 H-bonds it is > 140° H-bond angle and < 3.25 A 0. - -0
distance. Error bars are standard deviations.

By the H;0™" By the acceptor H,O
Before After Before After
AIMD
(cov<l1.15 A) 297 +0.16 2.41+£0.70 191+0.29 1.98+0.13
AIMD

(cov>1.15A)" 290 +£0.32 270 +0.53 1.96+0.20 1.95=0.23
pH3O in TIP3P 2.95+0.22 1.11+0.25 1.51+0.62 1.95+0.22
svH3O in TIP5 2.97 +0.17 146 +0.63 1.49 +0.62 1.99 +0.11

“Only hops along the stretched covalent bond are included (~3000 frames), not hops
to the other acceptors along bonds of normal length. Note that hopping frames include
frames before and after a hopping event.

as often as AIMD. Repulsion of water hydrogens by the H;0" may
be responsible for this. If acceptance of an additional H-bond by the
acceptor hinders PT, then one would expect PT to be favored in the
classical systems. However, this is not observed.

Table V shows the number of H-bonds donated. In AIMD the
hydronium donates close to 3 H bonds and the acceptor water close
to 2, and this does not change significantly after a hop (when the
hydronium and the acceptor are interchanged). In the classical sys-
tems the hydronium also donates 3 H-bonds and the acceptor water
somewhat less than 2. But there is a large reduction in the number
of H-bonds donated by the hydronium after the hop. For TIP3P the
wrong tilt angle contributes about one H-bond to this problem. But
the same problem also exists in TIP5P, where the transfer H-bond
remains intact.

The reason for this can be found in the RDFs. The optimal
O---O distance for two waters is about 2.8 A (Fig. S3) and for
H;0"-water about 2.5-2.6 A (Fig. 2). When the acceptor becomes
hydronium its O---O distances from its H-bond accepting neigh-
bors are too long for hydronium-water H-bonds. Conversely, the
distances of the new water with its two other neighbors are too short
for water-water H-bonds. These shifts make very large contributions
to AEpep. Figure 6 shows that the pair potential is sensitive to the
distance near the minimum. A shift of 0.2 A in hydronium-water
distance costs about 5 kcal/mol. A similar shift in water-water dis-
tance costs about 2 kcal/mol. Thus, the total cost of the mismatch

TABLE IV. Contribution of an additional H-bond donated to the proton donor H30* or the acceptor H,O (kcal/imol) to AEyq,.

Error bars are standard deviations.

Donated to H;0" Donated to H,O
Classical trajectories
TIP3P pH30 —-2.10 £ 1.42 2.63 +4.09
TIP5P svH30 -3.19+1.27 5.10 £ 1.60
AIMD trajectory evaluated with classical potentials (all cov < 1.15 A)
TIP3P pH30 -1.09 + 1.09 1.52 +2.17
TIP5P svH30 —-4.27 + 1.32 5.16 + 1.91
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FIG. 6. Pair interactions in the gas phase between a H;O0* and a water, or between
two waters. The curves were calculated by first minimizing the energy of the pair
and then increasing or decreasing their distance along the O- - -O axis.

may be up to 14 kcal/mol or even higher, if the water-water distances
are longer than optimal, which seems to be true judging from the
number of H-bonds donated in Table V. About a third of an accep-
tor TIP3P’s donated H-bonds are too short and break upon instant
PT. In TIP5P, the problem even increases to two thirds. This goes a
long way toward explaining the AE4,.15 in Table 11, which is about
30 kcal/mol and also includes a contribution from accepted H-bonds
(Table IV).

IV. CONCLUSIONS

We have compared an ab initio simulation trajectory of an
excess proton in water with classical trajectories of hydronium in
TIP3P and TIP5P water. The classical trajectories showed large unfa-
vorable potential energy changes (AEnqp) upon instantaneous pro-
ton transfer. The ab initio configurations were much more favorable,
with a sizeable fraction giving a negative AEy,p,. This discrepancy was
traced to geometric differences in the 1st and 2nd solvation shells.
The classical simulations reproduce the ab initio position and num-
ber of H-bond acceptors within hydronium’s 1st solvation shell but
TIP3P’s orientation (tilt angle) is off due to the lack of lone pairs,
so the transfer H-bond breaks upon hopping. This can be allevi-
ated with the use of TIP5P, where the transfer H-bond remains
intact.

Beyond tilt angle, the main feature that makes classical con-
figurations less favorable to instant PT is the acceptor’s donated
H-bonds. H;0" is a strong H-bond donor. An acceptor water
molecule in the Ist shell that is to become the next hydronium
needs to donate two strong H-bonds into the 2nd shell. Ab initio
water molecules are polarizable and that allows them to be bet-
ter H-bond donors (Table V) even in non-transfer configurations.
In the classical trajectories, the 2nd solvation shell is inaccurate.
While shell structure is improved by the use of TIP5P, its lower
partial charges lead to weak 1st shell-2nd shell H-bonds, which
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leads to a dramatic loss of donated H-bonds by the new H;O*
after the hop. Since the intermolecular pair potential is steep
around the minimum, even small displacements in this part of
the new 1st solvation shell contribute strongly and unfavorably
to AEpep.

In past analyses of the proton transfer mechanism in water
emphasis has been placed on the “fourth” accepted H-bond that
is either formed by hydronium or breaks in the acceptor water.
Both events facilitate the transfer because they make the solva-
tion structure of hydronium more water-like and of the accep-
tor water more hydronium-like (the “presolvation” concept). This
effect is also found here (Table IV) but contributes less to the
energy gap than donated H-bonds, even in the ab initio configura-
tions. Their contribution is even smaller in the classical configura-
tions, where they are far outweighed by the mentioned mismatch
in the donated H-bond lengths. The effect of donated H-bonds
has not received much attention in the proton transfer literature
as yet.

Can classical simulations of hydronium in water be improved
to reproduce more closely ab initio trajectories? The 1st solvation
shell (and the solvation free energy) is reproduced reasonably well by
properly matching hydronium and water models, although the first
peak of the RDF remains somewhat too high (Fig. 2). The 2nd solva-
tion shell structure is harder to improve. Use of TIP5P could alleviate
part of the problem. However, TIP5P is more expensive and its com-
patibility with biomolecular force fields has not been extensively
tested. The special protonatable water molecules that the MOBHY
algorithm places around the hydronium could perhaps be modeled
after TIP5P with the bulk of the solvent remaining TIP3P. However,
a discontinuity would arise when regular solvent molecules diffusing
into the shell would have to be swapped out.

The H-Bond length mismatch could likely be alleviated by the
use of polarizable classical models. Polarizability allows larger fluctu-
ations that would lead to more frequent sampling of configurations
stabilizing the PT product state. Such models are available for sim-
ple aqueous solution™ *’ but extension to biological systems creates
again issues of compatibility with standard biomolecular force fields.
It might be possible, as above, to introduce polarizability only in
the hydronium and the protonatable waters around it. Alternatively,
the hopping protocol could be refined by moving accepting waters
closer to the new hydronium. Preliminary calculations showed that
this leads to lowering of AEj, but not full recovery of the ab initio
distribution.

Further improvements could be made in H30O’s dynamics.
Umbrella inversion, which should be a frequent event based on the
low inversion barrier,'""” is observed once in the ab initio trajec-
tory. This inversion is normally not allowed in classical hydronium
models, especially when held rigid by SHAKE or similar constraints.
AIMD studies showed that umbrella inversion affects proton trans-
port.*’ In preliminary studies we have found that it is possible to get
a reasonable inversion frequency in classical models by tuning the
constraints and the force constants.

Despite the limitations, classical simulations with TIP3P could
still offer insights into biological problems.** The deficiencies of
TIP3P necessitate the use of a high threshold AEy,, for accept-
ing proton hops, so as to reproduce the expected rate of proton
movement (20 kcal/mol for svH30 and 23 kcal/mol for pH30%!).
The relative effects of the environment (confinement, interaction
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with charged and polar residues) are likely to be captured cor-
rectly by the classical force field. However, for higher accu-
racy in the configurations sampled, these deficiencies should be
amended.

SUPPLEMENTARY MATERIAL

See the supplementary material for six figures with additional
data.
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