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Protonizable Water Model for Quantum Dynamical Simulations
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A new functional form for describing proton transfer and hydrogen bond potential energy functions in condensed
phase simulations is presented. Rather than fitting a potential energy function to ab initio or experimental
potential energy profiles, monopetelipole interactions are used as protgrotolyte pair potential, and
Lennard-Jones functions with variakieande-parameters are used to represent protetpi®ton—protolyte

three body interactions. The number of parameters increases linearly with the number of protonizable molecule
or molecular fragment types, and only eight parameters are needed per protonizable molecule or molecular
fragment type. A parameter set for protonizable SPC/E water is presented, and the results of molecular
dynamics (MD) and mixed quantum dynamics (QD)/MD simulations are discussed.

I. Introduction TABLE 1: Energies and Distances from MP2/6-31G**
o ) ) Calculations Used for Parametrizing and Testing the
Proton mobility in water plays an important role in both Protonizable SPC/E Water Model

chemispry anq biochemistry, and much work hqs been devpted quantity system MP2/6-31G**
to the simulation of proton transfer in water. Various simulation

methods have been applied to represent proton transport in ;g:::gg :;EIES—H o 2'%%%
water, each of them focusing on different aspects, e.g—Car  (+—o(H,0)) 2|E|20—H+—|f|20 10377 A
Parrinello simulations of liquid watér? ab initio calculations r(H*—O(H;0)) 2H,O—H*—H,0  1.4473A
of protonated water clustetd path integral, centroid, or classical E(system)— E(molecules) H—HO —0.2864 hartree
molecular dynamics or Monte Carlo simulations using central E(system)— E(molecules) ~ HO—-H*—H,O  —0.3490 hartree

force fields5~7 or empirical valence bond methddsAnalytical E(system)- E(molecules) ~ 2HO-H™-H,O  —0.3918 hartree
expressions for fitting potential energy surfaces to coarse grainedrelaxation cannot be easily determined. Second, the size of
data obtained from ab initio calculations of small clusters have systems which can be calculated within reasonable time using
been proposed too, both as general methadd as ad hoc sets  correlated methods and polarizable basis sets is still very limited.
of functions and paramete¥$.Due to the enormous complexity ~ The perhaps most severe difficulty is the generalization of a
of proton behavior, none of them can be expected to predict once obtained potential energy surface to other systems and
the whole range of phenomena involving proton transport in reactions. Using mixed molecular orbital/molecular dynamics
liquid water and aqueous solutions. The methods, functions, (“quantum-classical” simulations), valence bond methods or
and parameters presented in the current article should bedensity functional theory can mitigate the mentioned probEms.
especially suited for simulations in which water is serving as Considerable progress has been achieved in the past few years.
the solvent of protonizable and deprotonizable biomolecules. From MP2/6-31G** calculations using Gaussian 92he

Ab initio or other molecular orbital (MO) calculations have protonated water dimer is symmetric with an intermolecular
been widely used to parametrize force field components suchdistance of 2.4 A, while the trimer and the tetramer are built
as atomic charges or force constants and equilibrium geometricfrom a hydronium ion and two or three water molecules,
elements. For obvious reasons, potential energy surfaces fittedespectively (see also Table 1). The intramolecular preton
to MO energies to obtain reaction profiles have become popular, oxygen distance is 1.0 A, and its intermolecular pendant is 1.45
too. The disadvantages of using such fitted potential energy A. Under these circumstances, proton transfers between water
surfaces for simulations in solution are less obvious than its molecules in liquid water can be expected to be initiated by the
advantages: First, it is generally inappropriate to use parametergearrangement of the water molecules in the second and third
obtained from vacuum calculations for simulating reactions in hydration shell rather than by barrier crossing of the proton,
solution. Applying a reaction field correction is often impossible which has been confirmed by quantum calculations using
since the radius of the system changes considerably during theMarcus theory2 Therefore, a protonizable water model should
potential energy surface scan. In order to approach a liquid- reproduce the transition from a flat single-well potential with
like behavior, more atoms or molecules should be added to thethe global minimum at a 2.4 A oxygeroxygen distance to a
system for which the energy surface is scanned. The facts thatdouble-well potential when the oxygewoxygen distance is
a MO calculation is done af = 0 K and that the minimum increased appropriately. In a preceding arti€laye have
energy conformation of a molecular cluster in vacuum can differ presented a rigid but protonizable water model which is based
essentially from the minimum energy conformation of the same on the SPC/E water mod#. The proton potential consisted
cluster in solution lead to problems in this case: Either very of proton—water pair interactions and wateproton—water
unphysical states are sampled when freezing the relativetriple interactions whose shapes were both fitted to relaxed MP2/
positions of these atoms to represent the geometry of the6-31G** potential energy surfaces of the respective clusters in
solvated cluster or the size of the energy contribution of their vacuo. The fitted functions used to simulate the protonation
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TABLE 2: Model Parameters for One Type of Protonizable Residue or Molecul@

symbol meaning how to find an initial guess
gm proton charge times dipole moment from GROMOS force field
I off offset distance for monopotalipole interactions from molecule diameter
ro proton—acceptor distance, protonated state from GROMOS force field, 1 A
ry proton—acceptor distance, deprotonated state from GROMOS minimum energy configuration
0o Lennard-Jones distance, proton free from ab initio minimum distance, vacuum
o1 Lennard-Jones distance, proton bound from
€ Lennard-Jones energy, proton free from ab initio minimum energy, vacuum
€1 Lennard-Jones energy, proton bound fram

a“Proton bound” means that a proton acceptor other than the oxygen atom of the water molecule under consideration is closer to the proton than
the distance, (st = 1).

of a water molecule, solvated by water itself, needed to be A. Pair Interactions. As in the old, fitted model, the
continuous over the whole range of protomater molecule proton—water pair interaction¥, are written as a sum
distances: from the bound proton distance until the nonbonded

interaction cutoff radius. A distinction between “hydrogen V(I @, B) = Vio 1) + Va1, , B) (1)
bond” potentials for the solute and electrostatic potentials for

solvent molecules was thus not allowed (see ref 10, section 2.6).0f radial contributionsV,o(r) at tetrahedral geometry (of the
Energies, distances, and the proton exchange rate could approton and the water molecule) and angular contributions
proximately be predicted, but an extra adjustable, system sizeVandr, @, ). The proton to oxygen distance is indicatedrby
dependent scaling factsy; for the three body interactions was and the angles. andj are defined by the proton, the oxygen
required to account for the wateproton—water—water four atom and one of the hydrogen atoms of the water molecule.
body interactions. The physical properties and even the stability The shape of the angular contributions,

of the simulations turned out to be very sensitive to the value

of that parameter. A continous protewater pair potential VardT @, B) = exp| — L b,[(cos() — cos(tet.)f +
influenced by the positions of other water molecules rather than Pan

distinct pair and triple potentials is highly desirable: For a proton cos@B) — cos(tet 2
bound water molecule pair, the contribution from the three body (cosfp) ( 'ﬁ] @
interaction almost equals the contribution of one pretater using an exponential decay and the cosine of the tetrahedral

pair, and very slight fitting errors of the three body function angle cos(tet.) has not been modified. The radial contributions
for one oxygen being close and the other one far away from are modeled as monopetelipole interactions in the limit of
the proton are multiplied by the number of oxygen atoms in |arge protor-molecule distances. The shape of the radial

the sphere containing the far oxygen atom. contributions has been chosen to be
In view of this situation we have investigated a new

protonizable water model, which contains less parameters and V. 1) = gm
no system size dependent parameter and is easily generalizable radvi r +r )2
to other molecular species. The model has been implemented P Toff
in the program QDGROMO8 and has been tested by mixed
guantum dynamics/molecular dynamics (QD/MD) simulations
of proton transfer in small water clusters and liquid water.

®3)

wheregmis the product of the proton chargeand the dipole
momentm of the water molecule; is the distance between the
proton and the oxygen atom of the water molegulndr  is
Il Methods an offsgt Qistance to lower the size of the radial pair interactions
) in the limit of smallr;. The parametegmdoes not have to be
The underlying physical models and the old, fitted proton- consistent with charges used in the same simulation: it just has
izable SPC/E model as well as the gquantum dynamics andto be of the same order of magnitude. Note that the radial pair
molecular dynamics program have been described in a precedingnteractions do not depend on the orientation of the proton with
article1© References to the literature are given there too. The respect to the water molecule. In the short-distance limit, the
design goals of a new, protonizable SPC/E water model with angular pair interaction term models the orientation dependence,
respect to the existing fitted model are (i) better stability of and in the long-distance limit, an angular correction term could
liquid water simulations, (ii) absence of system size dependentbe envisaged as a further improvement of the force field, or the
parameters, (iii) less parameters, and (iv) easy generalizability current exponential decay of the angular contributions with the
to proton acceptor types other than ©fithout the need of distance could be changed to aZldecay.
fitting to other molecular orbital potential surfaces). The old, B. Three Body Interactions: Variable Lennard-Jones
fitted protonizable water model consisted of three components: Function. As discussed in ref 10, the protewater molecule
proton—water pair contributions, wateiproton—water triple interaction cannot be approximated by a single Lennard-Jones
contributions, and an adiabatic polarizability contribution. In function, since the well of a Lennard-Jones function is much
the new model, the adiabatic polarizability contribution is the too narrow. Either it is parametrized to represent the hydronium
same, while the form and parametrization of the first two ion, or it can represent the flat, single-well shape of the proton
contributions were modified. The new model based on Lennard- potential for the proton bound water dimer. To resolve this
Jones functions with variable parameters is not aimed at problem, an environment coordinasé for the proton water
exploring the Gitthus mechanism of proton transfer in water moleculei pair is introduced, which is zero for a free proton
but rather to serve as a protonizable solvent for proteins andand one for a bound proton (see below). “Free” means that the
other biomolecules, just as the old, fitted model. Table 2 gives oxygen atom of no water molecule other than moleduie
an overview of the parameters of the new, variable Lennard- closer to the proton than a given hydrogen bond distange (
Jones protonizable SPC/E water model. The interaction
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TABLE 3: Elements of the Proton Interaction Pair List (See Section I.D}

symbol type dimension priority meaning

jpnb int max pnb 1 atom sequence number

jpnbc int max pnb 4 charge group number

ipioxy int max_pub 1 index in jpnb of the proton acceptor atom

jpnbt int max_ pub 4 interaction type

pcg real max pub 1 polarized atom charge

dpcg real max pmmax pro 1 polarization charge derivative

prdis real max pntmax pro 3 distance atomproton

prvec real 3max pnbmax pro 3 vector ators-proton

Iprdis boole max ~pntmax pro 4 true if within cutoff radius

Icgdis boole max priax_pro 4 true if within polarization cutoff radius

prdmpf real max pntmax pro 5 damping function of proton-atom interaction

prdmpd real max pnimax pro 5 damping function derivative

loxy2 boole max pnb 4 true if there is a second proton acceptor atom

ipiox2 int max_pnb 2 if (loxy2), ipioxy of the other acceptor atom

dpcg2 real max pnimax pro 2 if (loxy2), dpcg with respect to the other acceptor atom
qddis real max ptsnax pub 3 distance atombasis point

gdvec real 3max pts max pub 3 vector atom-basis point

gdpcg real max ptsnax pub 1 polarized charge assuming the basis point's state
gddpcg real max ptmax pub 1 polarized charge derivative

hf op real 3max ptsmax pub 1 Hellmann-Feynman operator

qddpc2 real max “pteax pub 2 if (loxy2), gddpcg with respect to other acceptor atom
npov int max pro 1 number of overlapping atoms with a proton

jpov int max_ pov max pro 1 atom sequence number of overlapping atom

ipiov int max_povmax_ pro 1 index in jpnb of the overlapping atom

dcov real max poimax_pro 1 overlap charge derivative

gddcov real ma} ptmax__pov 1 overlap charge derivative assuming the basis point’s state

2 The memory consumption for most components is proportional to the maximum number of atoms interacting with the proton, max pub, and
the maximum number of quantum basis functions, max pts. max pro is the maximum number of protons, both in the cases of QD and MD.
max pov, the maximum number of atoms overlapping with one proton, is a small number. The priority codes mean unavoidable (1), unavoidable
for systems containing molecules other than water (2), considerable CPU time savings (3), code easy to change and small CPU time savings (4),

and obsolete (5).

Vy(r, b)) = 4e(S)[(a(sA)r) 2 = (a(s1)Ir)T (4)
has two sets of Lennard-Jones paramefets0o} to represent
“bonded” protor-water interactions anle;, o1} to represent
a hydrogen bond,

€(l) =€+ A€y (5)
o(1) = 0, + Aoy (6)

Finally, the parametesi;,
=54 ()

=l

note that the polarization of a water molecule is more difficult
to adequately represent in MD simulations than the polarization
of larger molecules or molecular building blocks.

D. Changes in the Implementation. The code for the
calculation of the proton potential energy operator has been
separated from the GROMOS nonbonded energy calculation,
since the proton potential energy may also include perturbed
bonded energies if protonized residues other than water are
around. In addition, further GROMOS developmiérind QD
development can be better coordinated by using a small
interface. In the case of a classical representation of the proton,
the same code as in case of QD is used with the number of
basis points equal to 1. The QD interaction is calculated in
four passes: (1) The GROMOS nonbonded interaction pair list

is defined as the sum of the proton transfer reaction coordinatesis used to find the protonprotonizable residue pairs. For these

A,

1 if r (proton—j) <r,

0 if r (proton—j) >r,

Y,(1+ cosfr(r — r)(r, — ro)])* otherwis

A=

8)

over the oxygen atoms of all water molecujesccept molecule
i

C. Adiabatic Polarizability. Despite the problems we
mentioned in ref 10, sections 3.1 and 4, the functional form of
the adiabatic polarizability of the water molecules, introduced
in ref 10, section 2.6.4, eqs 451, is used without modification.

pairs, a proton interactions pair list is built, the Hellmann
Feynman operator is initialized, the pair interactions are
calculated, and the reaction coordinaigsire stored for later
use. Table 3 lists the elements of the proton interactions pair
list. Compared to the version of QDGROMOS described in
ref 10, a considerable amount of core memory could be saved
by using this pair list, but it is still one of the most memory-
consuming parts of QDGROMOS. (2) This pass is reserved
for the calculation of electrostatic interactions between protons
and atoms that are not part of a protonizable residue. (3) The
adiabatic polarization interactions (correction to the unpolarized
electrostatic contributions from GROMOS) and the variable

There are two reasons for keeping the adiabatic polarizability Lennard-Jones interactions are calculated here. They both have

as it is: (i) As already stated in ref 10, section 2.6.4, the
GROMOS force field can be used, offering charges for both

protonized and deprotonized amino acids and other molecularall atoms have to be considered.

building blocks. (ii) The results in the current article show that
the new polarizable water model is more compatible with the

gradient components to the two partners of the pair and to all
other atoms, so that the triples protgorotonizable residue

(4) The pretproton
electrostatic interactions are calculated. Derivatives with respect
to atoms having an electronic overlap contribution in the

adiabatic polarizability treatment than the previous one. We adiabatic polarizability term (see ref 10, section 2.6.4) are
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TABLE 4: Outline of the Variable Time Step Algorithm for the Standard QD/MD Coupling Scheme and the Guessed
Leap-Frog Algorithm 10

loops action loop3d action
initiation 1..Nstep 1..Nsup QD integration oveAt/ngp
1. Ngep calculate interactions INgien 1..Nsub MD integration overAt/Nsu,
1..Nstep guess HellmanaFeynman 1.0step 1..Nsub calculate interactions
1. Ngep check for exceeded pulse threshold Mep calculate observables and write to files
1. Nstep adjust velocities if required

@ nsiep IS the number of time integration steps, andnsu, is the number of subste@st/nsus,

i S~

32,81 3.8]
3.8 3.61
3.4 3.47
3.2] 3.9f

O
i
+

o
Distance oxygen-oxygen [R]

Distance oxygen-oxygen [X]

2.87
2.61
2.47
2.1 : ' ' 2.2 ; + ' ' + ¢
1.2 1,4 1.6 8 2 1 1,2 1,4 1.6 1.8 2
Distance proton-oxygen [3‘] Distance proton-oxygen [K]

1.8 oxygen-oxygen [R] 1.8

proton-oxygen
R

Figure 1. Proton potential energy surfaces for the proton bound water dimer including polarized-water interactions. Left column: New,
variable LennarerJones/monopotedipole functional form. Right column: Old, fitted pair/three body functional form. Top row: Energy contours
as function of the protonoxygen and oxygenoxygen distances; equidistance, 0.02 hartree. Bottom row: Three-dimensional representation of the
potential energy surfaces.

2 proton-oxygen [A]

calculated, too. Finally, the potential energy and Hellmann has been tried. When the maximum pulse
Feynman operators can be interpolated. Interpolation, however,
has not yet been tested.

To increase the much smaller integration time gtepequired
by the new protonizable model, a variable time step algorithm F; being the force (including HellmarfFeynman forces) to

pmax: m.aX|Fi| At/nsub (9)
|
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Figure 2. Projection of the potential energy surfaces onto a fixed intermolecular oxy@emen distanceoo: left column,roo = 2.4 A; middle
column,roo = 2.5 A; right column,roo = 4.0 A. Top row: New variable Lennard-Jones/monopdaliole functional form. Bottom row: Old,
fitted pair/three body functional form.

atomi andnsup being the number of substeps per time sip  TABLE 5: Parameter Sett for the Protonizable SPC/E
exceeds an upper threshold or becomes smaller than a loweWater Model in Addition to the SPC/E Water Model
threshold valuensy, is multiplied or divided by a factor of 2, ~ Parameters Which Are Part of the GROMOS 96 Force

respectively. The velocitiég(t — At/2ngy) need to be adjusted Field™
as well, param source value param source value
At 1 1 gm e*A  LIJ-PSPC/IE 0.3 ¢, hartree LJ-PSPC/E 0.180
V(t — At/2n'y ) = V(t — Ati2ng,) + —(— - = t)F(t) Toir, A LJ-PSPC/E 0.4 ¢, hartree LJ-PSPC/E 0.108
2\Ngyp Mgy pang A fit-PSPC/E 1.0 ¢ e fit-PSPC/E —0.8476
(20) b, hartree fit-PSPC/E  0.280¢¢, e fit-PSPC/E  0.4238
using the force&(t) and the new number of substepsg,, Table o, A LJ-PSPCIE 1.0 g, e fit-PSPC/E ~ 1.0000
4 outlines the algorithm rl,/} LJ-PSPC/E 1.8  AGow, © i fitPSPC/E  18.3923
' . . 0o, LJ-PSPC/E 0.9 Ay, €& fittPSPC/E 0.1562
E. Model Systems. When testing the polarizable water o, LI-PSPC/E 1.1 pou, A fittPSPC/E 02646

model, exactly the same configurations and topologies have been
used as in ref 10: the initial configurations of the oligomers
have been obtained from MP2/6-31G** calculations carried out
using the Gaussian 92 packdgeand for protonated liquid

water, an excess proton has been inserted into a suitable placy;,ing and testing the protonizable water models are listed in
of an equilibrated box of 216 water molecules. Then, the System rap16 1 |y Figures 1 and 2, the proton potential energy surfaces
has again been equilibrated classically for another 100 ps at ¢ e proton bound water dimer resulting from the fitted
300 K. Periodic boundary conditions of a truncated octahedron protonizable SPC/E (fit-PSPC/E) water mddeind from the

and constant volume assuming a density of 1 g/have been o\ “yariable Lennard-Jones/monopettipole protonizable

applied. For the QD simulations, the ground states for the gp-/E (LJ-PSPC/E) water model are compared against each
respective water models have been used as initial states. Whereior  Both models are qualitatively able to reproduce the

ex.te.nded HellmannFeynman forces havg been used, the M ininum and the transition from a flat single-well potential at
arising from the change pf the occupation numbers has been, 5 4 & oxyger-oxygen distance to a double-well potential
neglected throughout (‘simple extended Hellmafieynman \yhen the oxygeroxygen distance is increased. While the fit-
forces”; see ref 10, section 2.4). PSPC/E surface is very flat, allowing large integration time
steps, the LJ-PSPC/E model produces large gradients. The
oxygen-oxygen distance at which the fit-PSPC/E potential
A. Force Field Parameters. Some energies and distances changes from single well to double well is too large. This
from MP2/6-31G** calculations which can be used for param- transition is reproduced well by the LJ-PSPC/E model. The

2 The parameters for the adiabatic polarization and the angular pair
interaction (taken from the old, fitted mod@lare listed as well and
indicated as “fit-PSPC/E” in the “source” column. See also Table 2.

Ill. Results
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TABLE 6: Energy Conservation in a Microcanonical Simulation as a Function of the Number of Water Molecules (System
Size), the Proton Representation (Classical, MD, or Quantum Dynamics, QD), the Number of QD Dimensioiiqm, the Number
of Grid Points along One QD DimensionNq, the Calculation of the Quantum Forces (Standard Hellmanr-Feynman, m_ext=
0, or Simple Extended Hellmann-Feynman, m ext= 1), the Integration Time Step At (fs), and the Model Used (Fitted
Protonizable SPC/E, “Fitted”, or Variable Lennard —Jones Protonizable SPC/E, “LJ"p

systsize  Nggm Npa m_ext At model  Ewi(10ps)  0(Ewt,1pS)  0(Ewot, 10pS)  Epot(10ps)  o(Epatdps)  0(Epet10ps)
2 MD 1 fitted —904.42 1.24 0.86 —956.88 3.77 13.48
2 MD 025 LW —897.77 0.029 0.43 —906.34 2.75 2.70
2 1 64 0 1 fitted —902.14 1.77 2.57 —914.07 3.91 3.00
2 1 64 1 1 fitted —890.77 1.91 3.67 —909.41 4.37 4.95
2 1 64 0 0.16 LJ —871.22 0.61 22.22 —899.17 2.74 8.10
2 1 64 0 020 LI —857.26 0.61 33.82 —894.81 2.69 11.43
2 1 64 0 025 LI —837.68 0.58 48.43 —888.51 2.63 15.96
2 1 64 0 0.30 LI —786.03 0.51 97.84 —871.48 2.58 32.74
2 1 64 1 025 LI —887.53 0.15 1.20 —903.37 4.31 3.84
2 3 10 0 1 fitted —879.62 1.63 1.53 —901.54 4.93 4.00
3 MD 1 fitted —1062.00 3.26 1.67 —1085.79 8.72 6.71
3 MD 025 LI —965.53 0.064 1.01 —990.43 6.32 6.55
3 1 64 0 1 fitted —1013.30 2.12 25.46 —1083.01 6.47 6.38
3 1 64 1 1 fitted —980.50 3.89 42.04 —1073.47 7.52 9.30
3 1 64 0 025 LI —849.29 2.37 100.36 —956.41 7.59 34.31
3 1 64 1 025 LI —854.61 5.67 28.47 —956.88 9.30 13.48
3 3 10 0 1 fitted —501.00 4.36 377.59 —816.13 4.80 219.36

aFor the quantum dynamics calculations, the guessed leap-frog algorithm has been used thtbliglectatal energy:.(10ps), averaged over
the last 9 ps of a simulation period of 10 ps, and its standard deviati@s,1ps) (over the last 0.5 ps from a 1 ps simulation) af(if.:, 10ps)
(over the last 9 ps from a 10 ps simulation) in brackets, are reported in kilojoules per mole. The potentialEgagsgseported too.

TABLE 7: User CPU Time (s) Required for One MD or
QD/MD Integration Time Step on a DEC Alpha, 266 MHz
Workstation for the Old, Fitted Protonizable SPC/E Water
Model (Fitted) and the New, Variable Lennard-Jones
Protonizable SPC/E Water Model (LJ) as a Function of the
Simulation Parameters

B. Protonated Small Water Clusters. As in ref 10, the
required integration time stefst has been found using micro-
canonical simulations of small protonated clusters. Considering
the results of Table 6At has been chosen to be 0.25 fs, four
times smaller than the time step allowed by the fit-PSPC/E

user CPU model. The required CPU times per MD time step on a DEC
systsize Negn Nug  propagator fitted 0 Alpha, 266 MHz workstation are listed in T_able 7._ Due t_o t_he
more CPU- and memory-effective proton interaction pair list,
% 1 64 “éEE) 0(.)0(5);)321 %%03%36 the CPU time per MD step could be reduced for large systems
2 3 8 CH 1.9 1.8 and basis sets. The variable time step algorithm (section Il D)
2 3 10 CH 3.8 3.7 did not allow for a considerable increase of the time step, but
2 3 10 EE 106.7 it enlarged the noise in the total energy indeed, probably due
216 MD 0.31 0.51 to the broken time symmetry. As when using the fit-PSPC/E
%ig % 6;1 EE 43.‘1 23:2 model, the total energy fluctuations in the one-dimensional QD
216 3 10 CH 90.4 59.2 simulations of the trimer are much larger than the values for
216 3 10 EE 455.7 218.1 the dimer due to the violation of conservation of the angular

aThe quantum dynamics simulations have been carried out using Momentum when applying the correctional forces of eq 32 in
the guessed leap-frog algorithfrand standard HellmarrFeynman ref 10, which ensure momentum conservation. Generally, the
forces. The Hamilton matrix was not diagonalized at each step if the total energy has been better conserved using the new model
Chebysheff series expansion (CH) was used as propagator instead othan with the old model. Table 8 shows that the geometry and
the eigenstate expansion (EE)See also Table 6. number of proton exchanges are comparable for the two models.

number of model parameters has been reduced from 23 to 16, C. Protonated Liquid Water and Quantum Effects.
none of which depends on the system size. The model Figure 3 shows the distances from the proton to the six nearest
parameters of the LJ-PSPC/E model are listed in Table 5. oxygen atoms in liquid water versus time for both models, and

TABLE 8: Proton —Oxygen Distances{(ri}, nm) Averaged over the Last 9 ps of 10 ps Simulations and Number of Proton
Exchanges (trsfs) during the Same Time Interval

fitted LJ

syst size Nagm Nptd {ri} trsfs {ri} trsfs
2 MD 0.1177/0.1277 577 0.1159/0.1254 705
2 1 64 0.1204/0.1288 1056 0.1213/0.1245 2125
2 3 10 0.1239/0.1250 657
3 MD 0.1081/0.1341/0.3055 172 0.1086/0.1371/0.3016 74
3 1 64 0.1147/0.1309/0.3035 1112 0.1168/0.1268/0.3321 1529
3 3 10 0.1234/0.1317/0.2991 325
4 MD 0.0988/0.1425/0.2575/0.2819 12 0.1036/0.1455/0.2849/0.3036 0
4 1 64 0.1166/0.1286/0.3157/0.3320 1734

a A time step of 0.25 fs has been used for the simulations involving the new, variable Lennard-Jones protonizable SPC/E model, and a time step

of 1 fs has been used for the simulations involving the old, fitted protonizable SPC/E model. Simple extended Hedteayanman forces have
been used. For the fitted model simulations, the three body scaling fcteas 1.0, 0.7, and 0.4 for the dimer, trimer, and tetramer, respectively.
The root mean square deviations of all reported distances were within the range from 0.003 to 0.004 nm. See also Table 6.
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Figure 3. Trajectories of the distances from the excess proton to the six nearest oxygen atoms in protonated liquid SPC/E water at 300 K, over

6 ps using classical molecular dynamics. The integration timesstepas 0.3 fs. Top: New, variable Lennard-Jones/monopdipole functional
form. Bottom: Old, fitted pair/three body functions.
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Figure 4. Radial distribution functions of protonated liquid SPC/E water at 300 K, averaged over 6 ps using the variable Lennard-Jones proton
potential energy functions (solid line) and using the fitted potential energy functions (dashed line). See Figure 3. Top—@xgEmdistribution
functions. Bottom: Protonoxygen distribution functions.

Table 9 lists the average distances together with the potentialquantum dynamically) and the total energy of pure water over
energy and the number of proton exchanges between neighborthe same period<8325.26 kJ/mol), the hydration energy of a

ing oxygen atoms. From the total energies of protonated liquid proton is estimated to be-1873.08 kJ/mol classically and

water over the last 9 ps of 10 ps using the new LJ-PSPC/E —1875.48 kJ/mol quantum dynamically, compared-t&/5.62

model (-10 198.34 kJ/mol classically and10 200.74 kJ/mol kJ/mol classically!? using the fit-PSPC/E model. From NMR
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TABLE 9: Potential Energy E,. and Its Standard Deviation (in Brackets) and Total Energy E. in kilojoules per mole,
Distances from the Proton to the Three Nearest Oxygen Atomé§r;} in nanometers, and the Number of Proton Exchanges
between Water Molecules (trsfs) of a Protonated System Containing 216 Water Molecules Using Periodic Boundary Conditions
of a Truncated Octahedron with an Edge Length of 2.3467 nrh

Nagm Npt m_ext  force field Epot. (1 ps) Epot. (10 ps) Etor. (10 ps) {ri} trsfs
MD MD/pure —9967.57 (48.12) —9967.41 (66.85) —8325.26
MD fitted —11420.47 (66.37) —11163.63(131.89) —9334.67 0.0803/0.1792/0.2337 20
MD LJ —11694.54 (65.30) —11866.86(69.25) —10198.34 0.1022/0.1466/0.2616 2
1 64 1 fitted —10122.73 (439.05)  —8234.51 (438.05) —4486.51 0.0921/0.1799/0.2484 84
1 64 1 LJ —11732.00 (46.84)  —11905.87(93.72) —10200.74 0.1165/0.1271/0.2688 1491

aThe standard deviation of the total energies is not given since the velocities have been scaled to keep the temperature constant. Values from
some QD and MD simulations using the variable Lennard-Jones protonizable SPC/E model (LJ) are compared against corresponding values using
the fitted protonizable SPC/E model and against values from a simulation of pure, unprotonated SPC/E water (MD/pure). The three body interaction
scaling factor for the fitted protonizable SPC/E model was= 0.27. For the potential enerdspo. (1 ps), the potential energy was averaged over
the last 0.5 ps of 1 ps, and for all other values, it was averaged over the last 9 ps of a 10 ps simulation. See also Tables 6 and 8.

100 T i T T T T T T J | _ T T T T i T T T T ~
50 1 r -
- _ 1L _
£
2 750 ¢ - :
Y 800 | : ]
-850 | - :
-900
0126 ’ ’ \‘ U\ u‘\
- - %““ 1MMMW
0.124 sl LA
= ) ‘ ‘,uwl‘W ﬁM*ﬂ'M‘ w ‘ - ”“
S 0122 —" ‘*“ P ‘W ‘H
1 il ‘
0.120 M
N;x [ M

2 4 6 8 10
Time [ps] Time [ps]

Figure 5. Effect of using standard Hellmarii-eynman forces (left column) or (simple) extended HellmaRaynman forces (right column) for

the proton bound water dimer in one quantum dimension, 64 basis functions: trajectories over 10 ps using a time step of 0.25 fs and the guessed
leap-frog algorithm. Top: Kinetic (top line), total (middle line), and potential (bottom line) energies. Middle: Distance from the proton to the two
oxygen atoms. Bottom: Occupation numbers of the ground state (solid line), the first excited state (dotted line), the second excited state (dashed
line), and the sum of the occupation numbers of all higher excited states<{&bmgtdashed line). See also Figure 6.

hydrogen exchange dat&the second-order positive prototropic  the LJ-PSPC/E model reproduces these hydration shells more
charge transfer rate constant of pure liquid water was obtainedappropriately. The oxygeroxygen radial distribution functions

at 28.0°C. Transformation into a proton exchange time for show slightly more structure for the new model, too. While
the density of 1 g/crhyields 2.5 ps® Mean lifetimes below 1 the liquid protonated water simulations using the fit-PSPC/E
ps are predicted for the hydronium ion using the one-site model in one quantum dimension had a tendency to crash when
prototropic charge migration model, depending on the dynamic using inappropriate parameters due to the (positive) proton
pair correlation’ This is roughly equivalent to 4 proton coming too close to a (negative) oxygen atom, the corresponding
transfers per 10 ps, which can be compared to the simulatedLJ-PSPC/E simulations turned out to be more stable. Since
number of transfers given in Table 9. The number of proton treating the proton quantum dynamically in only one dimension
transfers in the first hydration shell of the proton has not changed has a number of disadvantad@shree-dimensional simulations
essentially, but denser surrounding shells result from the newwould be preferred, but such a treatment is very costly. Tables
model. The comparison of the radial distribution functions from 8 and 9 show that the difference between quantum dynamical
the excess proton to the oxygen atoms in Figure 4 shows that(QD) and classical dynamical (MD) proton transfers is consider-
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Figure 6. Effect of the use of standard HellmanReynman forces (left side) or (simple) extended HellmalReynman forces (right side) for
protonated liquid water, 216 water molecules, in one quantum dimension, 64 basis functions: trajectories over 10 ps using a time step of 0.25 fs
and the guessed leap-frog algorithm. Top: Adiabatic energies of the proton ground state (solid line), the first excited state (dotted line), and the
second excited state (dashed line). Bottom: Occupation nhumbers of the ground (solid line), the first excited (dotted line), and the second excited
(short dashed line) states and the sum of the occupation numbers of all higher excited stateto(ghddshed line). See also Figure 5.
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Figure 7. Proton potential energy functions in kilojoules per mole including polarization contributions to the-waitter electrostatics for the
same system as in Figure 6. Snapshots at 1 ps (solid line), 2 ps (dotted line), 3 ps (short dashed line), 4 ps (long dashed line), andlbnzs (short

dashed line) have been taken. See also Figure 6 and Table 9.

able. The difference between the number of QD proton transfers states and related properties for the protonated water dimer and
and the number of MD proton transfers of the same system for protonated liquid water. Considering the average first proton

under the same conditions can be seen as the effect of tunnelingxcitation energy in the liquid case of 20.0 kJ/mol,

the

and the presence of excited states. Figures 5 and 6 showoccupation number of the lower excited states and the barrier
trajectories of the occupation numbers of some adiabatic protonheights from Figure 7, transition involving an excited state is
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