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A linear-scaling self-consistent generalization of the multistate empirical
valence bond method for multiple excess protons in aqueous
systems
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An extension to the multistate empirical valence b¢M&-EVB) method is presented in this paper
that is capable of treating multiple excess protons within the context of molecular-dynamics
simulation. The computational cost of the method scales linearly with respect to the number of
excess protons. Calculations for a 0.44 M HCI systems are carried out to illustrate the multiproton
extension of the MS-EVB method. A significant decrease in the Eigen-ty@g ehtion is observed

in the contact ion-pair configuration formed between &d hydronium ions. @005 American
Institute of Physic§ DOI: 10.1063/1.1881092

I. INTRODUCTION cess, an excess proton bonds to the oxygen atom of a water
molecule and forms a valence bond with that oxygen atom.
The significant advances in computer technology in theyieanwhile, one of the valence-bonded hydrogen atoms of
last 30 years have made molecular-dynani®) simula-  he water molecule being bonded to by the proton leaves and
tions an increasingly powerful and effective tool to study the,.omes an excess proton. This process transforms the in-
dynamical and structural properties of many interestingComing proton into a bonded atom, and a hydrogen atom of

systems.” 3 Whereasab initio MD approaches are still too .
the water molecule into an excess proton. In order to prop-

expensive to be carried out on systems with more than %rl describe the Grotthuss process in MD simulations. the
hundred or so atoms, various empirical force fields have y ! uss p ! imuations,

been developed to make large scale MD simulation Jorce field mus’F be f_IexibIe enough tq allow bonding topol-
reality.‘” Of all the various systems being studied by com-°9Y and atom identity to change. This requirement renders
puter simulations, active proton trandfét is one of the ~MOSt traditional empirical force fields unsuitable to treat ex-
most challenging fundamental problems for empirical forceCess proton solvation and transport dynamics in aqueous en-
fields to describe. vironments.

It is well known that proton diffusion constant in water The multistate empirical valence bofidS-EVB) model
is significantly higher compared to other forms of catiff. has enjoyed considerable succ&s&® (For a description of
A number of mechanisms have been proposed for this faghis model in relation to other models, the reader is referred
proton diffusion, including the Hiickel mechanisiin  to the introduction of Ref. 33This model might be regarded
which the rate limiting step is the rotation of the®f; the  as a simulation version of the well-known resonance theory
Bernal and Fowler mechanisthjn which a free water rotor frequently used in organic chemistfyFor any given geo-
in the _firsts solvation shell is assumed; the Conwaymetric arrangement of the 4,0, cation, multiple bonding
mechanlsnjr, which involves a *field-induced” rotation in 5 angements can be drawn. If we restrict ourselves only to
the flrgt so!vaalqn shell; the Eigen plctLPr%m Whlgh_“struc- . the bonding topology that contains one hydronium and
tural diffusion” is argued to be the rate determining step INL_1 water moleculesn possible low-energy bonding con-

. 13 ” M 18 M M
bulk water; and the “Moses mechgm%, n Wh'?h the figurations can be found for the 5,0} system. In MS-
bond cleavage at the second solvation shell is believed to b . . .
VB, each bonding topology is termed a basis state. The

the precursor to proton translocation. The Grotthuss hoppin b ioned : hen b d
proces&®? plays a crucial role in all of these mechanisms, 200Ve-mentioned 4,0, system can then be represented as

Although recent work has suggested that none of them is& linear combination of these possible “basis states” with

completely correct, the Grotthuss hopping process is still beth€ir relative weight determined by solving an eigenvalue-
lieved to be a key step in proton diffusion. eigenvector problem for the EVB matrix. The diagonal ele-

The Grotthuss process is named after C. G. T. de Grotments of the EVB matrix are given by the “diabatic” energy
thuss who proposed a hydrogen—oxygen shuttling mechaf the system in that particular excess proton binding ar-
nism to explain electrolysis of watétThe first invocation of  rangement. The coupling term between different basis states
such a process to explain proton transport was believed to kie described as a constant plus a term that is determined by
done by Danneel in 1905.In the Grotthuss shuttling pro- viewing the system as a Zundel-type complex, formed by
allowing the two hydroniums in each basis state to share the
¥Electronic mail: voth@chem.utah.edu same proton simultaneously, and solvated by the rest of the
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water molecules in the system for that instantaneous configu- R 0>
ration. More details about this model can be found in Refs.

‘o
24 and 33. v ‘\0/‘

Although the MS-EVB model has proven to be very suc-
cessful in describing single excess proton solvation and ;\‘ /I\‘
transport, a great challenge has been faced in expanding the > ¢ ‘> ¢
methodology to describe systems containing more than one
excess proton in the same periodic simulation cell. The

straightforward way to use the model to describe multiproton

systems is to form a large matrix in a MS-EVB prOdUCt baSIsFIG. 1. Atwo-proton system, with proton A in EVB compléx(left circle)

set _Of al_l the prot.ons. This is very Sim“ar. to the ang proton B in EVB comple® (right circle). The water molecules that do
configuration-interactiorfCl) procedure in electronic struc- not belong to either EVB complex are in region R.

ture calculationg® This procedure will be called “big-
matrix” approach in this paper. The order of the big matrix is
approximatelyN™, whereN is the number of MS-EVB basis
states accessible to each proton amés the number of ex-
cess protons. In a typical bulk water simulatidhis close to

Nh,0 Nh,0
. s\ _y intra intrak interk
(Hl)=Vii &+ 2 VES*+ 2 Vigtho
3 k=1 k=1 o 7

. .. N
25. The MD propagation of systems containing more than H20 nter ki
two protons using the big-matrix approach would therefore + 2 VHzo' 1)
require the extremely expensive solution of an eigenvalue k<k’

problem with a matrix of order larger than 15 000 at each :

MD time step. This makes it infeasible to carry out con- and off-diagonal elements

verged big-matrix MS-EVB MD simulations in a reasonable j|H|jy = (Vi _+ Vi changbA(Roo, Ron) (2)

amount of CPU time on current generation computer hard-

ware. A different approach was required, which is the focusvhere|i) and|j) form an orthonormal set of EVB basis states

of the present work. selected according to the procedures described in Ref. 33.
In this paper, a self-consistent iterative multistate empiri-Detailed definitions of various terms in Eq4) and(2) can

cal valence bondSCI-MS-EVB) method is presented that also be found in Ref. 33.

solves the multiproton problem with a computational effort  In the SCI-MS-EVB approach, the Hamiltonian for EVB

scaling linearly with respect to the number of excess protonssomplexA is further partitioned as follows:

This methodology is described in Sec. Il, while illustrative

calculations are described in Sec. Ill for a 0.44 M HCl solu-  Ha=Haa* Hap + Hag, 3)

tion with both one HCI per periodic box and two HCI per _ o ) ) o

periodic box. The results from these simulations are disWhereHaa is the contribution from particles interacting in-

cussed in Sec. IV, while concluding remarks are given inSide EVB complexA andH,g describes the interaction be-
Sec. V. tween particles in EVB compleXA and EVB complexB,

where the prime indicates that particles in EVB compRex
are seen by particles in EVB compléx as effective par-
Il. METHODOLOGY ticles. Hag describes the interactions between particles in
A. The iterative method EVB complexA and particles not contributing to any of the
EVB complexes(see Fig. L1 It is evident that the first two

ker%“O\yhile the f licati for terms in Eq.(1) and the first term in Eq(2) only contribute
co-worker,™ “while the first application to proton transfer in to Haa, While the rest of the terms contain contributions to all

4 . .
water was done by Lobaugh and Vofh'.l'he work in th!s the three parts in Eq3). A detailed examination of Eq$l)
paper is based on the multistate generation by Schmitt angnd (2) reveals that these terms belong to three types of

24 33
VOtrM(MES\'/EBVB) a;]ncéllgter b{) [La}et ﬁl (MS'EVE’Z)' Lhe hinteractions: electrostatic, van der Waals, and short-range re-
SCI-MS- method described in this paper is based on t ‘f)ulsion. Electrostatic interactions are expressed as

MS-EVB2 modef parameters with minor modifications.
In the new SCI-MS-EVB method, the system is divided 0k

into EVB complexes, each consisting of a single proton. A Vel(r) = T

single proton MS-EVB problem is solved for each EVB

complex within an effective field of the other EVB com- whereq, andg, are point charges. The van der Waals inter-

plexes. The effective field represents atoms in the other EVBctions can be expressed as

complexes by effective charges and van der Waals param-

eters according to the corresponding EVB vectors of that o5\ [0\ ag\? [ Bst\®
EVB | Voaw(r) =deg| | — | —|— =\ U )
complex. ) Ist Ist Ist Ist
Figure 1 depicts a two-proton system to illustrate our 5)
approach, with proton A in EVB compleX and proton B in

EVB complexB. According to the formulism of MS-EVB2, whereeg and o, are Lennard-Joned.J) parameters of par-
the EVB matrix of proton A has as its diagonal elements ticless andt, while

The EVB model was first introduced by Warshel and

(4)
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g = (Beg)Y %0y, Bs= (deg) VO, (6) hydrogen in the effective EVB complexes so far as the re-
o ) pulsive potential in Eq.(7) is concerned. This definition
Repulsive interactions can be expressed as makes it unnecessary to determine the repulsion parameters
V() = B(1 — tantib(r - dg)]), ) in Eq. (7) for effective particless since they are always the

same for all linear combinations of EVB states.
whereB, b, d2, are repulsive parameters defined in Ref. 33.  The same analysis applies to the Hamiltonian for EVB
In MS-EVB2, the repulsive potential only exists between thecomplexB, such that
hydronium oxygen and water oxygen and hydrogen.

One can now write out expressions for the electrostatic, Hg=Hgg+ Hea + Her, (11)
van der Waals, and repulsive interactionskgy, andHg. In
order to calculate the contributions from these interactions to
Hag, effective charges and van der Waals parameters are e
ployed. For electrostatic interactions, an effective particle
in EVB complexB as seen by particles in EVB compléx
has the charge

with the interactions between EVB complex&sand B re-
laced byHg, . The prime onA indicates that particles in
VB complexA are replaced by effective particles based on
EVB vectorcy.

For the same pair of electrostatic interactions between
atomss in EVB complexA andt in EVB complexB, assum-
2 CslquJr > cqusW+ > CiCaiClexijA(T), (8) ing atoms i; part. ofa hydronium in stateand atont is part

j#i L% of a hydronium in staté’, we have

assuming that particleis part of a hydronium ion in staie ~ H,g = (2 cAlqu+ 2 cA]qu) (2 Cgi/Or + 2 CBJ’th)
and part of a water molecule in all the other states. Here, j#i L

OsH,» Osw are the charges of partickewhen it is part of the

hydronium and water molecules, respectively, agd Cg; (
are the EVB coefficients of stateandj for EVB complexB

found by diagonalizing the corresponding EVB matkiy. X(E oau+ > /th)
The matrixHg is formed following a similar procedure as .
was done foH,, and will be discussed later. The last term of

Eq. (8) is the contribution from exchange charges for particle + (

E CAiCqus,exjj A(I’))

L] i#]

]?ﬁl

CBi'CBj'Qt,exjfij(f'))

s, with A(r) being the same geometrical scaling function as i)
used in Eq(2). The exchange chargg,j; is nonzero only if
the coupling element between statand statg is not zero, X E CaillsH * g CAJqSW) Hepar- (12)

as defined in Ref. 33.
In a Cl-like big-matrix approach to the multiproton prob- Thus we can drop the prime and writgg in place ofHg:
lem, there will never be any interaction between the off-andHga . It is seen thatd,g depends orc,; and cg; simul-
diagonal exchange charges of different EVB complexes. Wéaneously. Thus, the solution of the EVB Hamiltonian for
opt to take the same approach, so that interactions betwedrVVB complexA depends on the solution of the EVB Hamil-
off-diagonal charges are intentionally suppressed in SCI-MStonian for EVB complexB and vice versa. A self-consistent
EVB. This is achieved by removing the contribution of the solution may be obtained by solving H&) with an educated
last term of Eq.(8) when calculating the off-diagonal terms guess for solution of Eq11), and then constructing the EVB
in the EVB matrix for EVB complexA. Hamiltonian in Eq.(11) using the solution of Eq(3), and
For van der Waals interactions, we define parameterthen iterate both solutions to convergence. In a MD simula-
a, B for effective particles using the following formulas: tion, the converged EVB vector of the previous time step can
5 5 be used as an initial guess. For the first MD step, a unit
as=Cgi@sy > Cgj%sw (9)  vector that corresponds to the “most likely” classical hydro-

J# nium solution suffices.
Having obtained the self-consistent solution for the two-
Bs:céiﬂsH+2C§j,6’sw, (10 proton problem, the total system energy can then be ex-
i#i pressed as

where the same notation as used in E}.is followed. Evotar= (3o/Haa + Har80) + (bo|Hgs + Harlbo)

The only extra parameters needed in the multiproton
case are the repulsive interaction parameters between the hy- + (@gho|Haglagho) + Erg
dronlum oxygen atoms and petween each hydronlun_w oxygen = Eqp+ Egg + Eag+ Ear+ Egg+ Exg (13)
atom with the other hydronium hydrogen atoms. Since the
repulsive interactions as described by Eq). are very short where|ay) and |by) are the ground-state solutions for EVB
range and repulsive interactions between hydronium oxygenomplexA and EVB complexB, respectively.
and effective particles in the other EVB complexes are neg-  After self-consistent solutions have been found, the
ligible compared to all other interactions, a detailed paramHellmann—Feynman theorem can then be used to calculate
etrization of these interactions is not important at this pointthe forces. This result can be shown using the following
In this study, no distinction is made between hydronium oxy-arguments: It is obvious that the Hellmann—-Feynman theo-
gen and water oxygen and hydronium hydrogen and waterem holds if the total energy simultaneously reaches a mini-

Downloaded 14 Apr 2005 to 155.101.15.173. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



144105-4 F. Wang and G. A. Voth J. Chem. Phys. 122, 144105 (2005)

- - | Next MD step
IDetermmebasnsstatesforeach EVB-complex | . 5x10*
|30lve Hep for each EVB-complex -g 4x10°
Q
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i Yes I Remove conflicting EV states s,’ 3x10*4
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FIG. 2. Flow diagram showing various steps in the SCI-MS-EVB 4 5 6 7 8
molecular-dynamics algorithm. Number of protons

. . FIG. 3. Scaling of CPU time with respect to the number of excess protons in
mum with respect to all coefficienis,; and cg;. The EVB  the system. Calculations were for 2 ps trajectories for a system with 512

vectorc,; is obtained by optimizindd,, as described in Eq. water molecules.
(3), andcg; is obtained by optimizinddg, as shown in Eq.

11). If EVB vect P turbed whil tisfyi tho- . . .
(1D vector c, is perturbed while satisfying ortho d(11) of all the EVB complexes between two iterations is

normal constraints, the summation of the first, third, and 7. 6 . L
fourth terms in Eq.(13) will necessarily increase. If EVB within 107°. Test calculations indicate that EVB vectors have

vector cg; is perturbed, then the summation of the second@/SC Properly converged when this criterion is used.

third, and fifth terms of Eq(13) has to go up. Thus, we can In practice, the number of iterations required for conver-
safely say that the coefficientg; andcg; minimize the total ~ 9€nce depends on the excess proton colnce.ntrati.on. For a sys-
energy E, Simultaneously, and the Hellmann—Feynmantem as concentratecs® M HCI, around five iterations were

theorem therefore holds. usually needed for the energies to converge to a relative error

The above discussion can be extended to treat systen® 10°°. For lower concentration systems such as 1 to 2 M
with more than two EVB complexes. However, the aboveHCI, an average of three iterations was observed. The
arguments run into difficulty if one of the water molecules scheme is found to be very stable, since the interactions be-
belongs to more than one EVB complex at the same time. Itween hydronium molecules are always repulsive at any
the following discussion we will call this water in the over- physically meaningful geometry.
lapping region of different EVB complexes. The EVB states It should also be noted that force evaluations are not
that utilize this water molecule to form a hydronium will be needed during the iterative procedure. The system force and
called overlapping states. Although it is possible to treatotal energy only need to be evaluated once after the con-
overlapping regions explicitly in SCI-MS-EVB, it is worth verged EVB vectors have been obtained.
noting that a water molecule that belongs to two EVB com-  The computational cost for &\ proton system using the
plexes simultaneously will be doubly protonated with thesc|-MS-EVB method scales linearly with respect to the
probability ¢ cz; - A state with large values for bott; and  number of excess protons. The parallelization of this method
¢z, will be quite high in energy and should not significantly over multiple CPUs can also be implemented efficiently
contribute to the ground EVB state. Thus, to a good approxisince the solution of the EVB energy and vector of each
mation, we can simply suppress contributions from overlap£VB complex in each iteration is carried out independently.
ping states by only assigning the water to the EVB complexThe only communication needed in a parallel calculation is
that gives it the largest hydronium character. There are multhe EVB vectors of the previous iteration. This method has
tiple ways to accomplish this; we adopt here the procedureen implemented in the code that has been developed in our
described in the following paragraph. ~group and parallelized over the number of protons. Figures 3
_ Asshownin Fig. 2, in the SCI-MS-EVB method the first 5n4 4 show the scaling of the method with respect to the
iteration is carried out keeping all the states of each EVB, mber of protons in the system and the number of CPUs

complex. In the case of overlap, the relative weights of hyy,seq guring the simulation, respectively. Linear scaling in
dronium character, as defined by the squares of the corrgs . ~ases is observed

sponding EVB coefficients of the overlapping states, are

compared. The water molecule is then assigned to the EVB

complex that has the largest weight on this water molecule

among all the overlapping EVB complexes, whereas the rest

of the overlap.ping state; are removed.. Subsequent iteratioRs pefinition of center of excess charge

are then carried out using the resulting overlap-free EVB

basis states until the EVB energies and EVB vectors for each In MS-EVB simulations, the position of the center of
EVB complex no longer change. At this point, the EVB vec- excess chargéCEQ) is usually used as a convenieon-
tors converge to the self-consistent solution. In this study, wédinuous coordinate to track the motion of the protonic de-
have used a convergence tolerance where the maximum relfect. In this current study, each EVB complex has its own
tive change in the EVB energies as defined in E@s.and  CEC defined following the definition given in Ref. 33 i.e.,
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10°+ charge plus a short-range LJ interaction with parameders
=4.400 A and £=0.1000 kcal/mof*** Lorentz—Berthelot
mixing rules were used to derive the LJ parameters between
different atom pairs. In order to prevent the possible diver-
gent attraction between positive point charges on protons and
water hydrogen atoms with the Thnion (coming from the
singularity of 1+ Coulombic interaction at extremely short
separations a very short-range LJ potential was added be-
tween the Cl anions and protons, as well as all the hydrogen
atoms in the water molecules. The parameters for this inter-
action were chosen to make sure that the LJ potential be-
1 10 tween CI' and the positive charge centers never exceeds
Number of CPUs 0.1% of all other LJ interactions for all distances above 1 A.
FIG. 4. The wall clock time as a function of the number of CPUs usedThese parameters weie=1.0 A angls:0.000l kcal/mol.
during the simulation. Calculations were for 2 ps trajectories for a 16 HCIThe _mass of the most abundant isotope was used for all
solution with 512 water molecules. species.
Both simulation systems were initially equilibrated for
Neve 500 ps at constant NVT conditions using a Nosé—Hoover
reee= D Criee (14)  thermostat with a relaxation time of 0.5 fsThe systems
i were then propagated at constant NVT for another 100 ps,
with configurations saved every 10 ps. A constant NVE
simulation was then carried out using each of the saved con-
figurations as initial conditions, with the kinetic energy of
each simulation adjusted to ensure that the average tempera-
C. Modified definition of asymmetric stretch ture of the constant NVE simulation was 298 K. After a short
coordinate q NVE preequilibrium run of 10 ps, the final statistics were

The MS-EVB2 method as described in Ref. 33 uses th&ccumulated for 6 ns from trajectories for the single HCI
same definition of the asymmetric stretch coordingtes ~ SyStem and 3 ns from trajectories for the two HCI system.

described by Eq(22) of Ref. 24. This is given by

Roo

=7
where Ry is defined as the shorter of the two OH bonds Using the Einstein relatiohthe diffusion constant of the
formed between the central proton and one of the two oxyCEC (excess protonand water molecules was estimated to
gen atoms in the kD}. Because of the way this coordinate is be 3.2£0.1X107° and 3.17+0.0% 10° cnv/ps, respec-
defined, when the central proton is away from the OO axis dively, when the 256 water simulation box containing two
small cusp in force can be observed when the proton iglissociated HCI molecules was employed. The water diffu-
moved across the OO bisector. Test calculations indicate th&on constant is in good agreement with the value of
the cusp in force does not cause a significant unphysicad.1+0.2x 107 c?/ps obtained by Dayet al** using the
behavior, but all forces should in principle be continuous. INMS-EVB2a model. The CEC diffusion constant is on the
the SCI-MS-EVB implementation we have therefore decidedower side but within the error bar of the 4.0+0.9
to remove the cusp in force by definimp, in Eq. (15) as < 10°° cn?/ps diffusion constant reported by Dayt al >
the distance between the central proton and the center of thehis slightly lower excess proton diffusion constant may be
OO bond, as done in Ref. 42. All other parameters remaifiué to the new definition of the asymmetric stretch coordi-
the same as in the MS-EVB2 model. In subsequent discugate.
sions we will refer to the modified model as MS-EVB2b and ~ When a 128 water simulation box with a single HCI was
the older version, with the force cusp, as MS-EVB2a. used, the CEC diffusion constant was estimated to be
3.2+0.1x 10°° cn?/ps, which is identical to that estimated
using the larger simulation box to within the error bars. The
water diffusion constant was estimated to be 2.97+0.03

Test simulations were carried out for a 0.44 M HCI so- X 10°° cm?/ps when the smaller box is employed. Although
lution at 298 K using the MS-EVB2b model. The concentra-a simulation box of this size(15.697 Ax 15.697 A
tion was obtained in two different wayél) by putting one X 15.697 A has been proven to be large enough to remove
HCI in a cubic periodic box with 128 water molecules andfinite-size effects for simulations containing one excess pro-
(2) by putting two HCI in a cubic periodic box containing ton, presumably the addition of an extra Glas increased
256 water molecules. The experimental density for HCI ofthese effects, thus having a negative influence on water mo-
1.006 g/cmi was used to determine the box siZégnd the bility. This interpretation was verified by a separate 2-ns con-
Ewald sum was employed in both cases for the long rangedtant NVE simulation on a 128 water one proton system
electrostatics. The Clnion was modeled as a negative pointwithout the CI counterion.(The box size was adjusted to

Wall Clock Time
(seconds)

A
<
Al

wherer .. is the coordinate of the center of charge for the
hydronium in state.

Row, (15 V. RESULTS AND DISCUSSION

Ill. SIMULATIONS
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2 2 r (A)
¢ G
) ) ) 5 FIG. 6. Hydronium hydrogertHH) and water oxygettfOW) RDFs. 128-1
FIG. 5. Relative population of the wo largest EVB amplltuubésand G indicates the 128 water with 1 HCI system, while 256-2 indicates the 256

where 128-1 indicates the 128 water with 1 HCI system, 256-2 indicates th@vater with 2 HCI system
256 water with 2 HCI system, ard) and(b) identify one of the two protons '
in the 256 water with 2 HCI system.

Figure 6 reports the RDF between hydronium hydrogen
reflect the density of pure watgin this case, a water diffu- (HH) and the oxygen atom in wat¢©OW). In order to be
sion constant of 3.16+0.08107° cn?/ps was obtained. consistent with the hydronium model used in the approach of
Although the calculated proton diffusion constant is notBotti et al, all three H atoms associated with the EVB state
as large as the experimental value of 9807 cn?/ps/’ it~ having the largest amplitude are classified as KFhis is
should be noted that quantum effects have been calculated ta/e for all subsequent figurggigure 6 is very similar to the
increase the proton diffusion by about a factor of fivdt  corresponding figure in their experimental study. Both fig-
also seems likely that the MS-EVB potential function couldures show the first peak of the RDF, which corresponds to
benefit from an overall reparametrization, including the un-the hydrogen-bonded OW, to be around 1.5 A. Also, a large
derlying water model used in the potential. These changes iflepression at 2.2 A is observed; however, the depression
parametrization, however, are not likely to affect the basidoredicted by the MS-EVB2b model appears too wide and
mechanistic features of the excess proton diffusion, as dedeep and the second peak of the RDF curve is pushed some-
scribed by the MS-EVB modét what further away compared to the experimental curve. This
In order to determine the relative population of Eigenmay be due to an overestimation in the parametrization of
(HgO}) versus ZundelHsO3) species, the relative popula- the repulsive interactions between the hydronium oxygen
tion of the largest and second largest MS-EVB amplitudes i@nd the water oxygen and hydrogen atoms in the MS-EVB2
reported in Fig. 5. It is seen that at 0.44 M concentration thénodel. Another possible explanation is due to the restriction
relative population of Eigen versus Zundel can be obtaine@®f the model used in the EPSR fitting, which only allows for
reliably by including either one or two excess protons in thepure hydronium configurations. It should also be noted, how-
periodic box. The agreement between Fig. 5 and previou§Ver, that the experiments are carried out at more than ten
studies using the MS-EVB2a model is also very gS%d. times the HCI concentrations of our simulations. Integration
Determination of site-site radial distribution functions of the RDF indicates that the HCI is fully dissociated since
(RDFs is usually done in MD simulations, since RDFs give one hydrogen bond is formed for each HH atom.
important information about liquid state structure and can be  Figure 7 shows the RDF curve between the oxygen atom
compared to experimental measurements. Unfortunately, exd the hydronium(OH) and OW, alongside with the RDF
perimental determination of RDFs for a strong electrolyte
solution such as HCI has been a difficult t48kand the
accurate determination of the RDFs between atomistic sites 4. ——— OH-OW(128-1)
has become available only recently due to advances in  { f[{ OH-OW(256-2)
neutron-diffraction and numerical techniquiés>* 3 ---- OH-HW(128-1)
For the experimental RDFs of HCI solutions, we refer | || = OH-HW(256-2)
the reader to a recent publication by Battial,>® in which g
the experimental composite partial structure fact@BSF$
are combined with simulation data using the empirical po-
tential structure refinemefEPSR methodology to obtain a 11
full set of RDFs at high HCI concentratiort6 M).> In the
EPSR procedure, simulations using the simple point-charge/ 0
extended SPC/B water model are carried out, but the force 2
field is iteratively refined to reproduce experimental mea- r(A)
surements. However, in their modeling the excess proton W”,:IG. 7. Hydronium oxygerfOH) and OW RDFs and OH and water hydro-

S . . .
only part|C|pat§ in a HO™ hydronium state. No Zundel-type gen(Hw) RDFs. 128-1 indicates the 128 water with 1 HCI system, while
H5O}r protonation state was allowed. 256-2 indicates the 256 water with 2 HCI system.
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41 12
\ it ---- Cl-OW(128-1) 101 —— CI-CEC(128-1)
' I — crow(s6-2) 1 B CI-CEC(256-2)
'% —— Cl-HW(128-1) 9 ---- CI-OH(128-1)
£ .{ ------- CI-HW(256-2) O Cl-OH(256-2)
\ 4
14 i i eaare A\
|V~ i\
0 A R : r 0 ‘
2 4 6 8 2
r(A) r(A)

FIG. 8. RDF between Cland hydrogen and oxygen atoms in the water FIG. 9. RDF between Cland the OH and the RDF between the @hd the

molecules. 128-1 indicates the 128 water with 1 HCI system, while 256-2CEC. 128-1 indicates the 128 water with 1 HCI system, while 256-2 indi-
indicates the 256 water with 2 HCI system. cates the 256 water with 2 HCI system.

between OH and hydrogen atoms in bulk watéW). The  using the two-proton system have significantly larger peak
simulation shows the absence of a OH-HW RDF peak aheights. This difference reveals a deficiency of the 128 water
around 2 A, corresponding to the absence of hydrogen bonglus single HCI system. In a 0.44 M simulation with one
ing with OH. Immediately after the first peak in the OH-HW proton plus one Clin 128 water molecules, the Tkan
RDF around 3.1 A the onset of a shoulder in the OH-OWnever have more than one excess proton in either its CIP
RDF is observed. These features agree very well with theegion or its SSIP region. Thus, the addition of a second HCI,
experimental measurements after taking into account thas was done for the 256 water 0.44 M system, significantly
large difference in concentrations. It can be seen in this figehanges the height of the peaks in the RDF curves.
ure as well that the second peak in the OH-OW RDF is The CI—OH RDF is integrated in Fig. 10 to calculate the
slightly pushed away from the origin and the depression iraverage number of hydroniums in each region. It is found
the RDF curve at 2.8 A is too deep compared with the exthat 0.067 hydronium is in the CIP region when the curve
perimental measurements at the higher HCI concentration. obtained using the single HCI plus 128 water simulation is
Figure 8 shows the RDF between Gind OW and HW. integrated, but 0.086 hydronium is in the CIP regi®s-3.6
When comparing with the experimental curves the first twoA) when the curve obtained using the two HCI plus 256
peaks of the CFHW RDF are significantly higher and so is water simulation is integrated. Thus, at 0.44 M, around 1%
the first peak of the C-HOW RDF. This is expected since our of the CI' anions have two hydroniums in its CIP region.
simulation concentration, which corresponds to one protor his also indicates, at this concentration, thati€I6.5 times
per 128 water molecules, is much lower than the experimenmore likely to have a single hydronium in its CIP region than
tal concentration which corresponds to about one proton having two hydroniums in this region. When the same analy-
per 9 water molecules. Thus HCl is fully dissociated and CI sis is carried out for the SSIP regi¢8.6—6.0 A, it is found
is better solvated in our simulations. that an average 0.30 hydronium is present in the SSIP region
From the RDF curves reported in Figs. 68, it can befor the 0.44 M case of one proton per simulation kwith
seen that there exists a reasonable agreement between fi28 watery whereas 0.38 hydronium is found when allow-
MS-EVB2b simulation results and the experimental meaing two protons in the boxwith 256 waters Thus, about
surements, especially considering the large differences A% of the CI have two protons in their SSIP region at this
concentrations. The repulsive component between OH and
OW and OH and HW may be slightly too strong in the MS-

EVB2b model and this will be addressed in a later version of o
the force field. All of the RDF curves in this study were % 0.4
obtained using both the one HCI and two HCI systems. In S
Figs. 6—8, good agreement between these two systems was @ 0.3.
also observed. It therefore seems apparent that there is little ’g
correlation between the excess protons up to 0.44 M HCI 2 o2
concentration. g
Figure 9 shows the RDFs between @hd the CEC and g 0.1
CI” and OH. A common feature of these curves is the exis- =
tence of two peaks corresponding to the contact ion-pair 0.0
(CIP) configuration and solvent separated ion-pE&SIP 2

Configurations“.4'53‘55However, the RDFs obtained using the r(A)
one HCl and two HCI systems are rather different. AIthOUgh IG. 10. Average number of hydronium oxygen atoms within a distance

in each case the location of the two peaks is the same fQfom cr. 128-1 indicates the 128 water with 1 HCI system, 256-2 indicates
both the one HCI and two HCI systems, the RDFs obtainedhe 256 water with 2 HCI system.
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concentration, and there is af7.5 ratio between one proton 8 —n0Cf
in the SSIP region and two protons in the SSIP region. 74 )
Some caution is in order concerning the above discus- 6 ---- Cl
sion, however, since we have yet to simulate the 0.44 M HCI c
solution with three or more excess protoftsough this is i< 51
currently in progress However, the effect due to inclusion ‘_; 44
of more protons is not expected to be large, since the ratio of 2 ;]
having two protons versus one proton in the CIP and SSIP Q 5]
regions is already quite small.
The above findings would also indicate that the first and 14
second peaks for the GIOW, CFr—HW, OH-OW, and 0 . . : .
OH-HW RDFs should also see a small decrease in peak 0.0 0.2 °42 , 06 0.8
height upon increasing the number of HCI pairs per simula- C,.C,

tion box. This is indeed observed by carefully examining the : '

; ; ; : ; IG. 11. Relative population of the two largest EVB amplitudésand c5
pegk helghts in Figs. 7 and 8 The first MO peaks Ob.tamegor the one proton 128 water systems with and without thedBlinterion.
using the two HCI per simulation box are slightly lower in all

cases.
Another interesting finding is although the peaks for thev' CONCLUDING REMARKS
SSIP configuration for the GICEC RDF and the C+OH In this paper the SCI-MS-EVB method has been pre-

RDF are almost on top of each other, the peaks for the CIBented that enables the treatment of multiple excess protons
configuration are not, with the CIP peak for the CEC beingin aqueous systems. This approach represents a significant
shifted farther away from Cl Actually, at the location where and nontrivial generalization of the MS-EVB model. The
the OH is most abundant, there is hardly any populatiorSCI-MS-EVB method also allows one to treat a multiproton
corresponding to the CEC. The location of the CEC will beproblem with computational cost scaling linearly with re-
the same as that of OH for Eigen cation configurationsSpect to the number of excess protons and in a fashion that is
whereas it will shift toward the center of the two O atoms inhighly parallelizable.

Zundel configurations and along the bisector of the two In comparing with experimental data, the present simu-
OH-HH bonds in HO}-type configurations. The outward lations indicate that the SCI-MS-EVB method can be used to
shift of the CEC CIP peak indicates a dominance of a mor&@lculate structural and dynamical properties for multiproton
Zundel-type or possibly a 03 configuration. This is not systems With. good accuracy. W.hereas' the calculation of
surprising since a CJ being a poor base, is not as good atSCMe properties can be done with a single excess proton
solvating an excess proton as a water molecule. Once tHaPProach for the concentration studieta4 M), the ability
hydronium is in close contact with the Ths in the CIP to simulate multiple protons in the same box is important for

configuration, one or more of the water molecules at théaroperties such as the ©OH and OH-OH RDFs. The prob-

other side of the hydronium must contribute more in stabi-ability of finding more than one hydronium in the CIP and

lizing the proton, giving a ground state in which more SsIP regions of the Clyvas alfo found tp be nan _neghglble.
3 o . Zundel cation or possibly $D3-type cation solvation states
Zundel-type or HO; character results. This is consistent S o
. : 3 o . . are found to be especially important for stabilizing the excess
with experimental findings where it is claimed tha{®] is . : . . )
: . . proton in the CIP region of a Clanion. Further simulations
the dominant species at very high HCI concentratins. . ) .
In order to validate the above assessment. the distrib will be required to study the solvation structures of concen-
. . " Yrated acid as a function of pH. The SCI-MS-EVB method
tion of the first and second largest EVB coefficients for bot

. Will also enable us to study important biological systems in
the one HCI 128 water system and a reference system with: b multiproton interactions may play a key role.
only one excess proton and 128 water molecules is plotted in
Fig. 11. Consistent with our argument, we do observe a deACKNOWLEDGMENTS
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