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The potential experienced by an excess proton from the acetate ion solvated in water has been investigated,
and a parameter set is presented which is suitable for molecular dynamics (MD) or mixed MD/quantum
dynamics (QD) simulations and compatible with the GROMOS96 force field. A general procedure for deriving
parameters for the proton potential is presented. The simulations started from five random configurations,
energy minimized and equilibrated in both the deprotonated and the protonated state. In the case of weak
acids such as the considered molecules, the proton transfer rate of both deprotonation and protonation of the
solvated acid has been found to be considerably lower than the corresponding proton transfer rates between
neighboring water molecules. The reaction free energy profile of a proton transfer reaction has been determined
using umbrella sampling and thermodynamic integration. The results encourage the application of the mixed
MD/QD simulation scheme to simulations of proton transfers from and to large biomolecules in water.

I. Introduction derive the parameters for these terms, and thus empirical values
are used. There are close relationships between the EVB and
the force field approaches: The role of the off-diagonal elements

Yof the EVB Hamiltonian to be diagonalized is taken over by

the protor-acceptofr-acceptor triple terms, and for each refer-

ence structure forming the EVB basis, an “acidic” transferable
proton is chosen in the force field approach.

The program package QDGROMOS is an extension of the
biomolecular simulation package GROMOSB® for non-
adiabatic mixed MD/QD simulations of proton transfers. The
aim of the programs of QDGROMOS, the protonizable
extended simple point charge (SPC/E) model for liquid water
and the proton transfer simulations of small acids in water
Ydescribed in the current article is to explore and establish
procedures of setting up mixed quantum dynamics (QD)/
molecular dynamics (MD) simulations of biomolecules such as
proteins or nucleic acids with protonizable sites in aqueous
solution.

All living cellulae have to regulate theirtp within some
tenths, and the structure of biomolecules often depends strong|
on the 1 of their environment. However, in molecular
dynamics (MD) simulations of biomolecules the state of
protonation of the protonizable sites is generally chosen fixed
according to a particular b value and the effects of the
changing local environment on the protonation of a particular
site are neglected. Moreover, most simulations of biologically
relevant systems are carried out without any possibility of proton
transfer at all. There are two reasons for that: (1) no general
empirical force fields for transferable protons are available and
the specific models that have been proposed are computationall
expensive due to the impossibility of expressing the potential
in terms of additive pair potentials; (2) the inclusion of electronic
degrees of freedom in a simulation to find the forces acting on
the protons has only very recently become possibie.

While ab initio MD methods such as GaParrinello are able Related methods for studying the quantum dynamics of proton

to moqlel proton transfer reactions very accurai‘élgmplrlcal transfers in a classically treated environment are among others
potential energy surfaces (PES) are computationally much, ,

cheaper and therefore make it possible to sample a larger art‘quantum'CkﬁSSiCb1I molecular dynamics”,"density matrix
P ) . P P 9€T PAN, olution” 27 “surface hopping” techniquég;’®and semiclassical
of the configurational space at the expense of a somewhat

reduced accuracy. Among the empirical PES for proton transfers quantum dynamic$: The surface hopping and semiclassical
; ) Y- 9 P P 'techniques work around problems occurring with mixed states
the dissociable water models, where the protons are not.

explicitly bound to individual molecules (see, e.g., refs 5, 6) in the regime of weakly coupled adiabatic energy surfaces, and
are difficult to combine with existing force fields for biomo- itis planned to apply surface hopping in this regime as suggested

lecular systems. Empirical valence bond (EVB) metfdda/e by ref 21.using the readily available adiabatic basis for the
. . . proton(s) in QDGROMOS.

been applied very sucessfully to simulate proton transfers in

water8~10 Following the philosophy of the GROMOSY62

force field, we use the parameters for the protonated and the

deprotonated state of a given molecule or residue applying the All MD simulations have been carried out using QDGRO-

GROMOS96 machinery for the perturbation of a Hamiltonian. MOS, a program for non-adiabatic mixed QD/MD proton

The forces for binding a proton to its acceptors are described transfer simulations. It is based on GROMOSY6 and has

using pair and triple term$. As pointed out in refs 13 and 14, been described in a preceding artitieFigure 1 shows the

it is problematic to use high quality ab initio calculations to geometric elements of the proton-bound acetic-awidter dimer

except for the protoroxygen-carbon-oxygen dihedral angle.

* Corresponding author. The functional form of the proton potential in liquid SPC/E
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Figure 1. The geometric elements of a proton-bound acetic -acid
water pair. The atoms can be classified into four groups: the proton
(H), the protonizable water molecule (OW, HW1, HW2), the atoms of
protonizable groups of the acid (O1, C, O2), and the non-protonizable
atoms of the acid (CM, H1, H2, H3).

water has been described in refs 13 and 15. It can be summarized

as follows. The pair interactiod, is

Vp = IZ [Vrad(ri) + Vang(ri'ai ﬁi)] (1)

the terms representing the interaction between the proton and

the water moleculé They consist of a monopotalipole term
Vrad:

aqm

Viaa(r) = Tore (r+—r0ﬁ)2

)

and an angular teriang

VandT,01,8) = exr(— pr g) X
b,[(cos() — costet))® + (cosl) — costet))?] (3)

defined in terms of the geometric elements shown in Figure 1,
and cosiet) denotes the cosine of a tetrahedral angle. The
water—proton—water triple interactiorV; is

Vi= Zvlj(ri’sz*i) + szpol(rkilj’ri’rj
1 LK Ll

The first term involving the distanage between the proton and
the oxygen of water moleculgand the distancg between the
proton and the oxygen of water molecujeconsists of a
Lennard-Jones ternV,, for the distance;:

(4)

V(1. sty) = 4e(sh) x [(o(sk)Ir) = (a(s)Ir)] (5)

whose parametersando depend on the distances

€)= (1 - Aeg + Ae; 6)
o(A) = (1 — Ao, + Ao, @)
s = ;Aj ®)
Lifr, <,
3 ={ 0= ©

%1(1 + cosfr * (1, — r)/(r; — ro)])? otherwis

with o, €1, 0o, 01, o, @andr; as fixed parameters. The second
term consists of a polarization potentigl:

q (r)q (r) _ qoo qm
Vpol(rki[,ri,rj) :i kNI k A
J 457[6

o (10)

J. Phys. Chem. A, Vol. 104, No. 15, 2008277

using variable chargegg, g, on the atomsk and|; of the
moleculesi andj, adiabatically depending on the distances
andr;j between the proton and the oxygen atoms of molecules
i andj. Mk, denotes the distance between atdgnandl;. The
functional form of the charges is

qovv(r) = q8W+ AQOUI(r) - 2Aonl(r) (11)
Awd) = G T A1) (12)
O ({r}) = o = D Al (1) (13)
AGy, (1) = A, x EXF{_ pL) (14)
oul
A _ , psol _
qovl(r) = quol X 7 - quol X F (15)

The potential function for the protonizable atom groups of
other molecules than water (e.g., an acid) consists of four parts.
The first part is the equivalent of the terms of egsld, but
with the protonizable groupplaying the role of water molecule
i. So, the angley; plays the role of angley, andj; has no
equivalent (Figure 1). The second part concerns the proton
protonizable group pair potential eneryy. Since often the
deprotonated form of an acid is charged, monopot®nopole
interactions are required,

1

gm
Vrad(r) = E

(r + rof'f)2

qq
=+ rog

(16)

Both parametergim and qq do not depend on the reaction
coordinates: they are responsible for the long-range region of
the protor-protolyte interactions. Out-of-plane dihedral interac-
tions as described in ref 11, eq 2.5.4.1, multiplied by the same
exponential prefactor as used in eq 3, are added to the angular
termVang The third part consists of standard bonded and non-
bonded interaction terms as used in the empirical GROM&S96
force field. The atomic charges, ideal bond lengths, bond angles,
and dihedral angles as well as their force constants are given
by the GROMOS96 force field, both for protonated and
deprotonated states. The actual value of these force field
parameters depends on the distance between the protonizable
sites of the acid (the protonizable atom group) and the proton,
linearly interpolated using the reaction coordingteatroduced
in eq 9. The ideal bond lengtix-o; between oxygen O1 and
carbon C (see Figure 1) depends, e.g., on the distance between
the proton and the oxygen atom O1,

beor = (1= Zo)bEd + 20085 7)
and the bond-stretching energy between atom O1 and C has
non-zero gradient components to the atoms H, O1, and C. The
chargeqc on the carbon atom C depends on the distances
between the proton and the oxygen atoms O1 and O2,

d
U= (1= 201 — 2™+ (Aoy T A) R (18)

and the electrostatic energy between atom C and another, non-
polarizable atom X has non-zero gradient components to the
atoms H, 01, 02, C, and X. The functional form of the potential
energy terms involving the proton and the atoms of a proton-

izable atom group (e.g., an acid) arising from variable charges,
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TABLE 1: Binding Energies in Hartree of Some Clusters the intermolecular binding energies (e &pw-ow = 0.6502 kJ/
Containing Protolytes in Vacuo at MP2/6-31G** Levek mol for water oxyger-water oxygen, GROMOS96) by orders
acid monomer acidwater dimer of magnitude, and the length scales are much smalbgr=(
acid baser proton baser proton-+ water acid+ water 0.09 nm,cow-ow = 0.3166 nm), the forces can be expected to

be much larger, and much smaller time steps are required. A

hydroxide ion :0'69372 :0'70495 :0'01123 variable time step algorithm aimed at decreasing the sometimes
water 0.28633 0.34901 0.06268 T .

formate —0.58436 —0.60650 —0.02215 huge pulses arising from the repulsive part of the Lennard
acetate —0.58987 —0.61199 —0.02212 Jones potential has been described in section 11.D of ref 13.

. . Another possibility to alleviate the necessity to use small time
aThe basis set superposition error has not been corrected. The energyé - h he sh fthe L dahes f .
of the cluster in the upper line of the heading has been compared to teps Is to change the shape of the Lens es function

the sum of the energies of the fragments listed in the lower line of the itSelf: one could think of using Smaller negativg eXpO'."entS over
heading. the entire range of distances or in the repulsive region ¢nly

) _ _ < rp =0 x 219, or of using other soft-core potentials, e.g., eq
bonds, bond angles, dihedrals, and out-of-plane dihedrals isthep 5.6.9.1 of ref 11.

same as for the GROMOS96 perturbatiéiNote that the elec- The molecular orbital calculations for Table 1 have been

trostatic potential energy between an atom with a charge depen-carried out at MP2/6-31G** level using the Gaussian94 pack-
ding on the distance to a proton and any other atom has gradieniage?? The basis set superposition error was not corrected. All
components with respect to the proton coordinates as'ell. MD and QD/MD simulations have been carried out at 300 K.
Lennard-Jones parameters of the GROMOS96 non-bonded A Berendsen thermostitwith a coupling time of 0.4 ps has
interaction terms, influencing only the immediate neighborhood peen used to keep the temperature constant in the simulations
of an atom, are kept constant at the values of the deprotonatechf the solution, and periodic boundary conditions of a truncated
state. To satisfy charge conservation, the charge of the protongctahedron with a box length of 2.36556 nm have been applied.
Op IS The one-dimensional representation of the proton used 64 basis
_ depr_ oot dep points, spanned between the oxygen atom O1 of the acetic acid
o, = 0y Zli(% ") (19) molecule and the oxygen atom OW of a water molecule. The
hK proton potential of the acigwater dimer including GROMOS96
interactions has been calculated and plotted using the program

depr _ .
Maple V, version 34

whered, q‘g is by definition equal to & The adiabatic
polarization and charge overlap terms of the protonizable SPC/E
water modeP are given by egs ¥15. They have not been Ill. The Shape of the Hydrogen Bond Potential
adapted to conform to equations 18 and 19, but their computa- For acetic acid, the parameter set “ac4”, adjusted to ap-
tion is compatible. The generalization to more than one proton proximately match the values in Table 1, is taken as a starting
is straightforward except for the dependence of the charges onpoint. Its values are listed in Table 2, and Figure 2 shows the
the states of the protons in case of a product state representatioshape of the resulting proton potential as a function of different
of the quantum dynamical protons. This has been discussed indistances and angles. The force constants for angular and
detail in section 2.7.3 of ref 15. The fourth part has already tetrahedral interactions come from the standard GROMOS96
been mentioned in ref 13: the electrostatic interactions betweenforce field parameter set and should not be changed. Since the
the proton(s) and all atoms which do not belong to a protonizable monopole-dipole and the monopotemonopole interaction
group (Figure 1) have spatial derivatives with respect to the terms (eq 16) have the most global effect, their paramegers
positions of atoms belonging to a protonizable group due to eq and qgq need to be chosen first. The monopeleonopole
19. interactions have been switched off in parameter set “ac4”. The
Since the binding energies involved with proton transfers (e.g., use of the reaction coordinatefrom eq 9 as one coordinate
€0 = 1149.97 kJ/mol for acetic acid, parameter set a8) exceedfor all interaction terms involving triples of a proton and two

TABLE 2: Parameters for the Protonizable SPC/E Watef3 and the Acetic Acid Models “ac4”, “a8”, and “a9” Which
Complement the SPC/E Water Model Parameters (which are part of the GROMOS96 force field) and the Parameters for
Acetic Acid and the Acetate lon of the GROMOS96 Force Field

acetic acid
parameter meaning pSPC/E acd a8 a9 unit
qq proton charge times residue charge 0.0 0.4 0.4 2 e
am proton charge times dipole moment 0.3 0.2 0.2 0.2 2he
I off offset distance for monopole-dipole interactions 0.4 0.4 0.4 0.4 A
Pang angular interaction decay length 1.0 1.0 1.0 1.0 A
b, angular force constant(s) 0.280 0.17140* 0.17140* 0.17140* Hartree
ro proton—acceptor distance, protonated state 1.0 1.0 1.0 1.0 A
r proton—acceptor distance, deprotonated state 1.8 2.4 1.8 1.8 A
0o Lennard-Jones distance, proton free 0.9 0.9 0.9 0.9 A
o1 Lennard-Jones distance, proton bound 1.1 1.20 1.05 1.05 A
€0 Lennard-Jones energy, proton free 0.180 0.542 0.438 0.219 Hartree
€1 Lennard-Jones energy, proton bound 0.108 0.100 0.050 0.050 Hartree
AQo overlap charge 18.3923 e
AQpol polarization charge 0.1562 eA
Poul polarization decay distance 0.2646 A

a“Proton bound” means that another proton acceptor than the oxygen atom under consideration is closer to the proton than the distance
(st=1), see eqs 8 and 9. The asterisk indicates that the angular force constant is equal to the GROMOS96 parameter for the protonated molecule.
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Figure 2. Potential energy contours in Hartree for the proton in the acetic-agider dimer shown in Figure 1 including the GROMOS96 interaction
using the parameter set “ac4” (see Table 2) as a function of the distabe&seen the oxygen atom O1 and the proton H and between the oxygen
atom O1 and the water oxygen atom OW, and of the arglestween carbon C, oxygen O1, and the proton H and between carbon C, oxygen O1,
and oxygen OW. Left side, top:(O1—OW) = 2.64 A,a(C—01-0W) = 112.0; left side, bottom:r(O1—H) = 1.02 A, a(C—01—-0W) = 112.0;

right side, top:a(C—01—H) = 108.0, a(C—01—-0W) = 112.0; right side, bottom:r(O1—H) = r(O1—-0OW) — 1.01 A, a(C—01-0OW) = 98.C..

The equidistance between the contours is 0.033 Hartree.

other atoms instead of using the distance from the proton to molecular topologies and distance restraints for the deprotonated
both interacting partners reduces the interdependence of thestate to “attach” the proton to a solvent molecule. The terms
parameters considerably, and the dependence of the shape ddre switched on in the following order: 1. bonded, 2. Lenrard
the proton potential on each parameter can be described roughlydones, 3. electrostatics, 4. periodic boundary conditions without
as in the column “meaning” of Table 2. Details about the electrostatics, 5. periodic boundary conditions including elec-
equilibrium geometries and energies in vacuo resulting from trostatics. The obtained configurations are then equilibrated by
the different parameter sets are given in ref 14. MD simulation for at least 40 ps using 0.1 ps as relaxation time

As a result of the current and the next sections, the following for the Berendsen thermos#t.
procedure for finding proton potential parameters and setting up 3. Do ab initio calculations for the acidvater dimer in the
a proton transfer simulation is proposed (see also Figure 3; theprotonated and in the deprotonated form. Use as few constraints
meaning of the symbols is described in Section Il and Table 2): as possible.

1. Prepare a molecular topology of the protonated and the 4. Start from an existing parameter set, e.g., acetic acid,
deprotonated form of the acid including the proton in both cases. “a8”.

2. Find at least five random configurations of the solvated 5. Adjust the parametergm and qgq which govern the
acid and carry out classical energy minimizations using the two monopole-dipole and the monopotemonopole interaction



3280 J. Phys. Chem. A, Vol. 104, No. 15, 2000 Billeter and van Gunsteren

1. Molecular topology (protonated and deprotonated)

.

2. Random configurations, optimized and equilibrated (prot. and deprot.)

'

3. Ab initio calculations (protonated and deprotonated)

'

4. Start from an existing parameter set (e.g. "a8")

¢

5. Parameters for radial interactions of the proton from GROMOS96 force field

'

6.Parameters for Lennard-Jones three-body interaction from ab initio -

'

7. MD simulations of proton transfer in vacuo, no thermostat -

'

Potential
energy fluctuates
too much

yes Adjust
So

Total
energy fluctuates
too much

yes Adjust
Sy

8. Long MD simulations of proton transfer in solution

'

Distancg no Adjust
proton-acid = aq
correct

10. Long QD / MD simulations of proton transfer in solution

'

Rate
constants
correct

no Adjust
& &0 0

End

Figure 3. Flow chart of the procedure for finding proton potential parameters described in Section IlI.

(eq 16), starting from values taken from the GROMOS96 force 6. Adjust the parameterg ande (eqs 6 and 7) to reproduce
field. the position and the depth of the potential well near the proton
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TABLE 3: MD Simulations of Acetic Acid in 216 Water occurred, not even after 10 ps. The thermic energy of around

Molecules over 1 ps Using the Proton Potential Parameter keT = 2.5 kd/mol kg is Boltzmann’s constanT, is temperature)

ggﬁigﬁa&?ﬁs g?sg%eﬁaTab'e 2) and Different Initial is not sufficient compared to the binding energy difference of
about 700 kJ/mol between the proton bound to acetate and the

_totalenergy reaction fraction protor-oxygen proton bound to water. A swarm of trajectories starting from
set_configuration kJmol™ rateps® oftime dist nm/1 different random configurations, each of them energy minimized
a8 opt. —11129/25 0.0  1.000 and equilibrated for 40 ps as described in step 2 of the procedure
gg ﬁft; :%éggﬁgo (7)'2 é-ggg 0.195/2 described in Section llI, increased the configurational space

P ’ ’ ' sampled. Assuming a weak acil ] < [HA], the concentration
a9 opt —10550/14 0.0 1.000 [Hs0"] and the numbeN,o+ of hydronium ions depends on
gg ggi)tr :182235288 2(2) é:gggo 0.210/1 the acid’s dissociation constalii = 107PKs, the ion product of

water K,, = 107PKs, and the concentratiorHA]o of the acid
The “opt.” configuration has been generated using the MP2/6- HA added initially to the water,
31G** geometry optimized configuration of the acetic acidater

trimer, embedded in water, energy minimized and equilibrated for 40 — 1 — / —
ps. The “prot.” and “depr.” lines display averages over 5 simulations NH30+ NaVood H3O™] = NaViox/ [HAIK, + K,y

starting from random initial coordinates, each of them energy minimized N
and equilibrated for 40 ps in the protonated and in the deprotonated N.V. HAg K, + K, (20)
state, respectively. In the column “total energy”, the total energy and A¥bo NAV}ox a w

its standard deviation is given. The reaction rate is the number of proton
transfers between any oxygen atoms per picosecond, and the fractiony, being Avogadro’s constant/,oy the volume of the system
of ime e prton spencs bound lo the acetate an = iven 22 WEl (0 b simulated. anthy, = 1 the number of acid molecules in
1 ps for all five initial configurations is given only for the deprotonated the simulated system. For acetlc_acha = 4.74, and a box
state. The second number in the column “pretorygen dist.” indicates ~ Volume of 6.61867 nihcorresponding to 216 water molecules,
the number of trajectories where the proton was captured by the acetatethe ion product of water can be neglected, and the average
ion. number of hydronium ions is 0.0085. The fraction of time the
proton spends bound to the acetic acid is therefore 0.9915. While

acceptor of the acid. Find the parametersnde; to reproduce the time step for protonizable SPC/E water could be chosen as
the proton binding energy of the deprotonated state and the shap®.25 fs12 0.1 fs is required for acetic acid. One could think of
of the barrier. two reasons for the obviously smaller potential function

7. Simulate the acidwater dimer in vacuo without thermostat  gradients in water: the proton transfers between water molecules
starting from the ab initio configuration. If the potential energy occur when the potential function has approximately the shape
fluctuates significantly, the shape of the potential function is of a single well, and the proton binding energies to all
not compatible with the minimum energy configuration, pa- neighboring water molecules are intrinsically the same. Con-
rameterog has to be adjusted, and step 7 has to be repeated. Ifsidering the dielectric permittivity of about 80 of liquid water
the total energy fluctuates significantly, parameterdiffers and the involved kinetic energy of the proton, it is no surprise
too much fromog and has to be adjusted, and step 7 has to be that the size of the monopotenonopole interaction constant
repeated. qq has only little effect?

8. Do long MD proton transfer simulations starting from the  In Table 4, experimental and computed heats of dissociation
randomly generated configurations of the solution. are compared for acetic acid in vacuo and in solution, and the

9. If required, adjust the parametgg to control the average  heats of hydration are given for a proton. Using the protonizable
distance between the proton and the proton acceptor and theSPC/E water modéf} the deprotonated acetic acid is not

proton return rate, and go back to step 6. stabilized by the second and further hydration shells due to the
10. Do long QD/MD proton transfer simulations starting from Tigidity of the water molecules and, therefore, the heat of
the randomly generated solution configurations. dissociation of acetic acid in solution is overestimated. To

compensate this effect, the parametghas been divided by
two to obtain parameter set “a9” from set “a8”. As Table 4
Note that the parameters for each protonizable compoundShO\_’VS’ the resulting values are closer to the mea}surgd range. In
should be found independently from the parameters for all other the mfrar(_ad spectrum, the protooxygen stretch vibration can
protonizable species. The parameters for the protonizable SPC/Eb issouated with a very broad band between 3000 and 3600
water should not be changed without performing the tests for cm, and the corresponding band of proton bound carboxylic
liquid water reported in ref 13.

11. If required, adjust the parametegse;, andr; to increase
or to decrease the transfer rate and go back to step 7.

acids is seen around 3000 th corresponding to periodic
lengths of 11.1 and 9.2 fs, respectivély?” From the Fourier
. . . ; transform of the trajectories of the distance between the proton
V. MD and QD/MD Simulations of Acetic Acid and the oxygen atom, the periodic lengths of the pretmxygen

The acetic acigtwater trimer in vacuo has been simulated vibrations are around 20 fs for protonated SPC/E water and 2.2
using several parameter sets for 5 ps. Too large a gap betweeris for acetic acid, parameter set “a8”. The latter value could be
the Lennare-Jones distance parametersand o; resulted in corrected by using a48 van der Waals potential instead of
large fluctuations and even a drift of the total energy which 6—12, and again by decreasing the parametgr Using
could not be mitigated sufficiently by using a reduced time step parameter set “a9”, the periodic length of the protomygen
or by applying softer-shaped potentials, such a8 4an der vibrations increases from 2.2 fs to 3.3 fs, and a side peak from
Waals instead of 612 van der Waals (Lennardlones) or a simulations using set “a8” becomes the main peak at 20.0 fs
soft-core repulsive Lennardlones potentidt! In Table 3, some which corresponds to roughly 1670 chand is therefore due
results of MD simulations of proton transfers from and to acetic to the coupling to other vibrational modes.
acid in water using different parameter sets are listed. No proton Mixed QD/MD simulations of proton transfers using a one-
transfer from the acid molecule to a water molecule ever dimensional representation of the quantum proton with many
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TABLE 4: Heats AU and Enthalpies AH in kJ/mol Associated with Proton Transfer and Solvation Reactions from ab Initio
and MD Calculations Compared to Experimental Value$

value reaction method value source

AH H*(g) — H'(aq) various expt —1126.6 [34]

AU H*(g) — H*(aq) MD/fit-PSPC/E —579.3 [13]

AU H*(g) — H*(aq) MD/LJ-PSPC/E —1876.8 [13]

AU H*(g) — H*(aq) QD/MD/LJ-PSPC/E —1879.2 [13]

AH HAc(g) — H*(g) + Ac(9) calorimetric 1445.6 [34]

AU HAc(g) — H*(g) + Ac(g) MP2/6-31G** 1548.7 Table 1
AH HAc(aq)— H*(aq)+ Ac(aq) various expt —0.4* [34]

AU HAc(aq)— H*(aq)+ Ac(aq) MD/a8 778.0* Table 3
AU HAc(ag)— H*(aqg)+ Ac™(aq) MD/a9 172.0* Table 3

2 The volume work per mol required for the phase change can be estimated assuming an idg@l-g@s5 kJ/mol at 300 K. The asterisk marks
a very uncertain experimental value (the experimental enthalpy of dissociation of acetic acid in water at 298 K compiled in ref 33 vari@$from
to +8.0 kJ/mol) and a very uncertain computed value (see Section 1V). The gas-phase kinetic energy of th&pitdtor= 3/2ksT = 3.7 kJ/mol
has been taken into account for the calculation of the heats of hydration of a proton from the total energy values in Table 9 of ref 13, using
Boltzmann’s constarks and the temperaturé.
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Figure 4. Eigenstates of the one-dimensional Hamilton operator of a proton bound to acetate and water, using the parameter set “a8”. The basis
consists of 64 equidistant points along the line connecting the atom O1 and the atom OW (see Figure 1). Top, left: acetiateaaitimer,
MP2/6-31G** geometry optimized configuration; top, right: acetic aeidater trimer, MP2/6-31G** geometry optimized configuration; bottom,

left: acetic acid solvated in 216 water molecules; bottom, right: acetate ion and hydronium ion in 215 water molecules. The lines are as follows:
ground (solid, thick), first excited (solid), second excited (dotted), third excited (dashed), fourth excited (long dashed), fifth exeittab(eat)

state.

classical degrees of freedom are problematic even when avoidingbe reduced by reducing the distance between the oxygen atom
the neglect of the force components to the proton perpendicularof the acid molecule and the oxygen atom of the nearest water
to the reaction coordinafé:’> However, due to their much  molecule. The proton eigenstates of the solution configurations
smaller QD basis set, they are more handy than three- have been used as initial states for the QD/MD simulations
dimensional QD simulations and allow for a quick preview using whose results are listed in Table 5. The surprisingly large
various conditions. The first six energy eigenstates of the proton energies can be explained using Figure 5 which shows some
are shown in Figure 4 for two vacuum configurations and two snapshots of the proton potential energy function and the proton
configurations of acetic acid in solution. The gap between the state out of trajectories, starting from the ground state and from
eigenstates located close to the acid molecule and the one locatethe first excited state of the protonated configuration: For the
close to the water molecule points at a potential barrier. It could ground state, the potential energy function becomes flat,
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TABLE 5: QD/MD Simulations of Acetic Acid in 216 Water Molecules over 1 ps Using One Quantum Dimension and the
Proton Potential Parameter set “a8” at 300 K starting from a Protonated (“prot.”) and a Deprotonated (“depr.”) Configuration
(“Config.” column) and from Different Energy Eigenstates of the Proton (“state” column)?

total energy potential energy fraction reaction encounters

config. state kJ mol? kJ mof?t of time rate ps* HAc 1/ps net reactions
prot. 0 —1035/6037 —8559/2623 0.3773 279 89/0.9318 01-w-O1-w-01-02-w
prot. 1 —6750/2357 —10743/1154 1.0000 0 1/1.0000 o1

prot. 2 625356/726760 34677/48575 0.4045 169 2/0.4205 0O1-w-02-w
prot. 3 —8427/1032 —11360/642 1.000 0 1/1.0000 o1

prot. 4 —7598/2135 —10898/1135 0.4385 52 19/0.4833 Ol-w

depr. 0 —6140/1784 —10137/1009 0.2141 106 35/0.2726 O1l-w-O1-w
depr. 1 —6617/1741 —10125/1167 0.3177 58 17/0.3539 O1-w-O1-w
depr. 2 —8721/957 —11376/570 0.5314 87 35/0.6217 O1l-w-O1-w
depr. 3 —8080/967 —10961/622 0.2774 6 1/0.2774 Ol-w

2|n the columns “total energy” and “potential energy”, the total and potential energy and their respective standard deviations are given. For the
meaning of the columns “fraction of time” and “reaction rate” see Table 3. The reaction rate is the number of proton transfers between any oxygen
atoms per picosecond, and the fraction of time the proton spends bound to the acetate ion is given as well. The number of proton transfers resulting
in the acid being protonated and the time point in picoseconds of the last deprotonation of the acid are given in “encounters HAc”. The remaining
reactions after neglecting the back reactions and the proton transfers among water molecules are listed as “net reactions”. The symbols O1 and O2
denote the proton acceptor oxygen atom (see Figure 1), and “w” denotes proton transfers among water molecules.
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Figure 5. Trajectories of a QD/MD simulation of acetic acid in 216 water molecules over 1 ps, using the parameter set “a8”. Snapshots of the QD
state function and the potential energy function have been taken every 0.1 ps. The proton has been described quantum dynamically using 64 grid
points in one dimension between the atom O1 and the atom OW (see Figure 1) as basis functions. The lines represent: 0.1 and 0.2 ps (solid lines),
0.3 and 0.4 ps (dotted lines), 0.5 and 0.6 ps (dashed lines), 0.7 and 0.8 ps (long dashed lines), 0.9 and +@gstiéddines). Top row: absolute

square of the state function; bottom row: potential energy function; left side: starting from the proton ground state; right side: starting from the
proton first excited state.

indicating that the proton transfer reaction coordinate does not Such problems are not to be expected from simulations using
coincide anymore with the line on which the basis points are a three-dimensional representation of the quantum proton. In
located. This happens, for example, when the oxygen atom of Table 6, the average occupation numbers of the lower energy
another water molecule is approaching this line. The results areeigenstates are compared against the ones to be expected from
a noisy state and unpredictable numbers. The trajectories startinga canonical ensemble, and a graphical representation of the
from the protonated configuration and from the first excited energy eigenvalues and the population of the adiabatic states
state show reasonable behavior (see Figure 5 and Table 5). can be found in Figure 6. Compared to the canonical ensemble,
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TABLE 6: QD/MD Simulations of a Proton in 216 Water Molecules (“SPC/E”) and of Acetic Acid in 216 Water Molecules
(“HACc”) over Different Time Periods in picoseconds Using Three Quantum Dimensions and the Proton Potential Parameter Set
“a8” at 300 K Starting from a Classically Optimized and Equilibrated Configuration and from Different Adiabatic States of the
Proton2

system state time Eof Epot | R WTR (sim.) |KIWLP (expt)

HAc 12/0 0.1 —10953f12710 0.461/0.170/0.077/0.093 0.993/0.006/0.001/0.000
HAc 12/0 0.2 —10620/-12643 0.366/0.112/0.113/0.076 0.986/0.012/0.002/0.000
HAc 16/0 0.1 —10969f-12713 0.523/0.159/0.074/0.084 0.994/0.005/0.001/0.000
HAC 16/0 0.2 —10927/12707 0.474/0.130/0.088/0.084 0.994/0.005/0.001/0.000
HAC 16/1 0.1 —10847f12675 0.253/0.176/0.031/0.067 (0.991/0.006/0.002/0.000)
HAc 16/2 0.1 0.040/0.113/0.259/0.130 (0.994/0.005/0.001/0.000)
HAC 16/3 0.1 0.053/0.112/0.077/0.128 (0.992/0.006/0.002/0.000)
SPC/E 16/0 0.1 —9704+11411 0.908/0.021/0.040/0.010 0.999/0.001/0.000/0.000
SPC/E 16/0 0.2 —9938+11620 0.875/0.032/0.038/0.017 0.999/0.001/0.000/0.000
SPC/E 16/0 0.3 —9933+11620 0.791/0.049/0.044/0.033 0.999/0.000/0.000/0.000
SPC/E 16/0 1.0 —9705+11411 0.388/0.066/0.049/0.038 0.999/0.001/0.000/0.000
SPC/E 18/0 0.1 —9944/-11618 0.908/0.021/0.040/0.010 0.999/0.001/0.000/0.000
SPC/E 18/0 0.2 —9938~11621 0.879/0.031/0.035/0.016 0.999/0.001/0.000/0.000
SPC/E 18/0 0.3 —9934/11621 0.793/0.050/0.044/0.032 0.999/0.000/0.000/0.000
SPC/E 18/0 1.0 —9675+~11377 0.412/0.057/0.054/0.044 0.998/0.002/0.000/0.000

aThe column “state” contains the number of grid points along one dimenbigf &nd the number of the initial state (O represents the ground
state). The averaged totdt{) and potential E,) energies are given in kd/mol. The averaged occupation nuniig¥$]? obtained from the
QD/MD simulations “(sim.)” are compared to the averaged occupation numbers to be expected from the proton energy eigenvalues assuming a
canonical ensemble “(exp.)". See also Figure 6.

-2500 , e TABLE 7: User CPU Time (in seconds, Required for One
MD or QD/MD Integration Time Step on a DEC Alpha
21164, 600 MHz, Given for Various Systems,
Representations of the Proton StateNgqm is the number of
AN dimensions, andNyq is the number of grid points in each
— 2600 P dimension), and Diagonalization Techniques of the
g v Hamiltonian (“Eigensolver”)
% system  number of watersNggm Ny Eigensolver user CPU
[=2}
o acetic acid 1 3 16 JD 83.0
W _2700 acetic acid 216 MD 0.28
acetic acid 216 1 64 QR 3.90
acetic acid 216 3 12 QR 584.3
acetic acid 216 3 12 JD 133.9
acetic acid 216 3 16 JD 350.2
-2800 1 t t i water 216 3 16 JD 338.9
water 216 3 18 JD 343.0
08 - , a“QR” refers to the traditional QR decomposition, and “JD” to a
derivative of the JacobiDavidson method®
506 1 7. The incorporation of surface hopping technid8é%into
k- QDGROMOS is planned and does not impose any computa-
S oal | tional overhead since the Hamiltonian of the proton is also
' diagonalized in QDGROMOS. From the one-dimensional
) , N simulations it is clear that not more than 32 points in each
02} T S ,\Xﬁf VoY dimension are required.
l’ :x\ [V N e ‘\/4“ "?‘, ] /vk/, ) )
;;;%j&f%{\x#' a ,;@1@@{\:4 o V. Free Energy Profile of a Proton Transfer Reaction
0.0 & S e LN SN S e e S T S el S . . .
0.00 0.02 0.04 0.06 0.08 0.10 A. Umbrella Sampling and Thermodynamic Integration.

Time [ps] If one state of protonation is much less populated in equilibrium
Figure 6. Trajectories of a QD/MD simulation of acetic acid in 216  than the other one, the proton transfer reaction can neither be
water molecules over 0.1 ps, using the parameter set “a8” and a three-sjmylated directly nor is the configuration space sufficiently
dimensional representation of the proton state with 12 grid points '”dsampled near the transition state in order to obtain a free energy

each dimension. The simulation has been started from the proton groun file of th i Umbrell ling i tablished
state (see also Table 6). Top: Energies of the ten lowest adiabatic staterollie of the reaction. Umbrella sampling IS an establishe

of the proton; bottom: population (absolute square of the expansion Method for enhancing the sampling near a known reaction
coefficients) of the same states as in the top graph. The lines path?®:3°A restraint function, in our case a partially harmonic
represent: ground state (solid), first (dotted), second (dashed), third distance restraint,
(long dashed), and all higher (dedashed) excited states.

. . . . Vumk{r) =
the excited states are overpopulated, and further investigations ) ]
must show if too small a basis set is the source of the heat Ekumb(r = T'ymp 7= Fymp =< Alymp
causing the overpopulation of the excited states. These inves- 1 (22)
tigations using a much larger basis set require an efficient kuthumx(r — rumb_éArumb ifr—rume™ Afums
potential energy interpolation scheme, as can be seen from Table
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is added to the Hamiltonian in the simulati¥nThe force : '
constantk,m, the reference distanogmp, and the threshold
distanceArymp are used as parameters. More generally, the

umbrella potential/ymdA,4;) is expressed in terms of a reaction 600
coordinatel and the parametet; which is varied for several g
MD simulations such that the entire reaction path is sampled. 3
With the adjustable constaf, the free energy = 400
9]
F(1) = —ksTInP(A) + C' (22) ®
o
w

depends on the unbiased probabill) of finding the reaction 200

coordinate at the valug, which in turn can be derived from
the probabilityP,mg4,4i) obtained using/umy4,4),

P(A) = Pumk{/lvj'i) X exp(vuml{/l'j'i)/kBT) X CZ (23)
The constant€), in il 1
F(A) = —kgT In Pyrfd,4)) — VimddA) + C/li (24)

can be chosen such tHa{t) is a continuous function for akl;.
In the case of QD/MD, the probability,my1,4;) depends also
on the state W[l

Compared to other force field terms, the potential energy
differences arising from proton transfers are large, and the force
constantk,mp must be chosen accordingly. It is important that
the simulations start from configurations which have been
thoroughly equilibrated using a sufficiently large force constant

Probability

0.2

0.0

1.0 1.6

kump for each i, since the environment stabilizes a state of

Distance proton — oxygen O1 [A]

protonation considerably. Therefore, the force constants can beFigure 7. Free energy of the proton transfer between acetic acid

relaxed after the equilibration. If the resulting probability
distributions are still too narrow, multiconfigurational thermo-
dynamic integratioft can be applied to find the free energy

(oxygen atom O1) and one water molecule (oxygen OW, see Figure
1) solvated in 216 water molecules using periodic boundary conditions
and parameter set “a8”, as function of the distance between the proton
and the oxygen atom O1. The system has been equilibrated for 40 ps

difference of the reaction,

AF = .ZE;B x A4

using the unbiased Hamiltoniahand the intervalé\l;. When
neglecting entropic contributions due #@Soil at a local
maximumAnax of a biased probability function,

0 ma
oA

using a force constant démp = 5.0 x 10° kJ/(mol nn¥) for each
reference distanagmy, and the configurational space has been sampled
for another 40 ps using force constantkef, = 1.5 x 1, kymp= 3.0

x 1, kymp = 5.0 x 1%, andkymp = 8.0 x 1C® kJ/(mol nn¥). The
reference distances have been (from left to right) 0.95, 1.0, 1.1, 1.2,
1.3,1.25,1.3,1.35,1.35,1.36,1.38,1.4, 1.4,1.5,1.6, 1.7, and 1.8 A.
Top: Free energy obtained using umbrella sampling (solid line) and
thermodynamic integration (dotted line and stars). The same raw data
have been used for both lines. Bottom: Probability distributions
resulting from different reference distances, and force constants
kuml:r

(25)

’Tx

< fumdAma)| (26)

and 591 kJ/mol using thermodynamic integration, compared to
the heat of dissociatiom\U 778 kJ/mol for the same
parameter set (Table 4). The similarity of the two profiles shows
that knowing only the valueényaxis sufficient to obtain a free
energy profile. From thpK, = 4.74 and the resulting probability

the restraint forcdumdAmay €quals the opposite of the average

force along the reaction coordinate,
_oH .
fumdAmad = /'Lﬂ of the protonated state 0.9915 (see Section 1V), the free energy
mex difference between the protonated stétnd the deprotonated

Since the restraint force is harmonic, its size is determined by Statep
the value oflax— 4i, and only the valuesmaxhave to be known

in order to obtain a free energy profile of the reaction in this

case.

B. Results.The free energy profiles of the proton transfer
reaction between acetic acid and water in solution resulting from is expected to be 11.87 kJ/mol. Note that this value cannot be
umbrella sampling and thermodynamic integration using the compared to the free energy profile in Figure 7, since some
same trajectories are shown in Figure 7. Note that the distanceentropic contributions to the proton transfer between an acetate
between the proton and the acetate ion is not the reactionion andall water molecules are not accounted for in the proton
coordinate itself but has been chosen as a representative of dransfer between an acetate ion amtk water molecule. The
collective coordinaté? Another common approach is to let the free energy of the proton transfer can be expected to be much
energy difference between the two reference states represensmaller when using parameter set “a9” instead of “a8”, see Table
the reaction coordinate. The free energy of dissociation using 4. AU = 778 kJ/mol using set “a8” and 172 kJ/mol using set
parameter set “a8” iAF = 545 kJ/mol using umbrella sampling  “a9”.

(27)

AF, 4= —kgT x In(%‘) (28)

P
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VI. Conclusions and Outlook

With novel empirical force field terms in a mixed quantum
dynamics/molecular dynamics framework, the dynamics of
proton transfer to acetic acid in solution was simulated. A

general procedure for finding hydrogen bond potential param-
eters was presented. Simulations were started from severa

independent initial configurations to enhance the sampling,
which is otherwise limited due to the short integration time step
of 0.1 fs. A free energy profile of a proton transfer reaction in
solution has been calculated using pure MD only. The MD and
QD/MD simulation machinery have been tested sufficiently to
allow proton transfer simulations in large biomolecules such
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