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An ab intio two-body analytical potential function was constructed to describe Miviiter interactions.
Classical Monte Carlo (MC) and molecular dynamics (MD) simulations have been performed to study the
hydration structure of Mn(ll). The study was extended to a combined QM/MM-MD level in order to investigate
the influence of higherntbody) terms. The structure of the hydrated ion is discussed in terms of radial
distribution functions, coordination numbers, and angular distributions. The results of the QM/MM-MD
simulations have been found to be much closer to the experimental values, proving that many-body effects
play an important role in the description of the hydrated Mn(ll) ion.

1. Introduction many-body terms. In many cases, three-body potentials calcu-

lated by ab initio methods have reproduced properly hydration
The study of metal ion hydration is quite important not only numbe)r/s°’.°v31 P property hy

for the understanding of the thermodynamic and kinetic behavior
: 3 . .

of metals jons™* but also for the interpretation of the structure g ient hoth experimentally and theoretically, than that of other

and function of many biomolecules in which metal ion inter- divalent first-row transition metal ions such a€EeCR+. Ni2+

actions play a rolé:> Hence, investigations have been carried 72+ byt interest has increased recently since its importance

out to determln(? the structure anql dynamlcs of metal ions in i, saveral biological systems has been recognf#&éin many
solution by a variety of spectroscopic techniques such as nuclear,

. ; =< solvents, including water, the solvation structure of the Mn(Il)
magnetic resonance (NMR), extended X-ray absorption fine jo has heen determined to be a six-coordinated octahedral using

structure spectroscopy (EXAFS), Mgbauer, infrared (IR), and X-ray (XD),610 neutron diffractioR® (ND), and EXAFS836 In
8 i i - ’ - ! L

Raman spectroscofy? and scattering techniques such as X-ray, ¢onirast to the relatively large number of experimental stud-
electron and neutron diffractidif,*°and electrochemical tech-  j,,10,35,360, hydration structure of Mn(ll), only few preliminary
niqued’ 12 and by theoretical methods, mostly simulations of theoretical studies are report&d® '
the Monte Carlo (MC), molecular dynamics (MD)é;qg quantum , the present study, a two-body analytical potential function
mechamcs/rnoleculrflr mechamcs (QM/MM) tyﬁ_ : _ was constructed, a combined QM/MM formalism has been

In theoretical studies, classical MC/MD simulation techniques implemented in a MD simulation program, and MC, MD, and

have been used widely for the study of solvation structure of Qpm/MM-MD simulations were carried out with an optimized
metal ions. The QM/MM approach has also been used successpajr potential for Mn(ll) in water.

fully, within the Molecular Dynamics and Monte Carlo scheme

to study ionic solvatiodt?~2* However, the types of metal under 2. Computational Details
study and ior-solvent interaction potentials used have affected L )
their degree of success. In some monovalent and divalent metal 2-1. Computer Resources and ParallelizatiorClassical MC
ions with only pairwise additive intermolecular potentials, @nd MD simulations were performed on single-processor
structural results that are in good agreement with those obtaine(fnaCh'nesf' _Ieadmg foa t_otal computa_lt_lona_l time of 2 dgys for
experimentally have been achievi&d2® Nevertheless, in most MC (3 million configurations for equilibration and 3 million
cases, with divalent and trivalent metals, the inclusion of many- o' sampling) on a MIPS R8000 machine and 11 h for MD
body interactions has been shown to be cruct:*¢32 The (60 000 time steps for equilibration and 300 000 for sampling)

failure of pairwise addivity for cationwater potentials, par- O @n Intel Pentium Il 500 MHz. In contrast, the large time
ticularly for divalent and trivalent ions, has been handled in consumption of the QM/MM-MD simulation requires the use
various ways. One approach that has been used is the nearesf! SPecial hardware configuration. A cluster of 9 dual Intel
neighbor ligand correction (NNLE}Palgorithm, which uses Pentium 11l 550 MHZ processor machines using a standard
in addition to pair potential terms a three-body correction term 100 Mbs ethernet link was employed for this method. The
based on ab initio calculations of the molecular interaction configuration %f ghe cluster machine and the use of the
energy surface of the metal ion monohydrate with another water T URBOMOLE**" package allow parallelization of the com-

molecule. However, the most successful and exact approach iPutations and hence reduce considerably the computer time
to supplement the potential energy function to be employed by requwe(_j. We _have stu_dled the possible degree of parallelization
of the simulation, varying the number of processors. The results

* Corresponding author. show that the use of six processors gives the optimal usage of

* Permanent address: Department of Chemistry, Addis Ababa University, fesources (Table 1). Most of the gain in computer time refers
P.O. Box 1176, Addis Ababa, Ethiopia. to the quantum chemical calculations, which contribute as 95%

The solvation structure of Mn(ll) has been studied to a lesser
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Figure 1. Definition of geometric variables for Mn(H)water orienta-
tions. HO molecules irnyz plane.

TABLE 1: Relative Speeds on a TURBOMOLE Calculation
Using Different Number of Processors

number of processors

relative speed

1 1

2 19
4 3.3
6 3.7
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The optimized pair potential function was applied to a system
consisting of one Mn(ll) ion and 199 water molecules in a
periodic cube at a temperature of 298.16 K. A spherical cutoff
at half of the box length (9.117 A) was introduced. The density
of 0.997 g cm® was assumed to be the same as that of pure
water. For waterwater interactions, the CF2 potenftaivas
used, as this model is more consistent than the KfGivodel
with our type of ion-water potentiaf® After generating a
starting configuration randomly, the system reached energetic
equilibrium after 3 million configurations. For evaluation of
structural data, especially the radial distribution functions
(RDFs), a further 3 million configurations were sampled.

2.4. Molecular Dynamics Simulation.Consistent with the
MC simulation, the same pair potential and the same box
characteristics were applied. Correspondingly, a radial cutoff
limit of half the box length (i.e., 9.117 A) for Coulombic and
non-Coulombic terms was chosen with the exception of non-
Coulombic G-H and H-H interactions,where a cutoff of 5 and
3A, respectively, was sufficient. In addition, a reaction fféld
was established to properly account for long-term Coulombic
interactions.

Since the CF#2abwater model used in this simulation allows
explicit hydrogen movement, the time step was chosen to be
0.2 fs. The water box, subject to periodic boundary conditions,
was equilibrated for 12.0 ps (60000 time steps) in the NVT
ensemble. To maintain a constant temperature of 298.16 K, we
applied a temperature scaling algorittfwith a relaxation time
of ¢ = 0.1 ps along the whole simulation. A further 300 000
steps of MD simulation resulting in a total simulation time of
60.0 ps were carried out under the same condition as that of
the equilibration to provide data for structural evaluation.

2.5. Quantum Mechanics/Molecular Mechanics Simula-

to the total computer time. With respect to this fact, any change tion. A hybrid QM/MM-MD simulation was performed, de-

of the classical MD/MC programs to a more parallelized code scribing the crucial first hydration shell at the UHF level in
would not have any substantial effect on the overall CPU time order to properly account for many-body effects. The quantum
needed. Using the 6-processors cluster, the computation ofmechanical region around the metal ion had a radius of 4.0 A,
42000 time steps in the QM/MM-MD simulation needed a total and water molecules were allowed to leave and enter from and

of 151 days of CPU time.
2.2. Construction of lon—Water Pair Potential. To con-
struct the Mn(l1)-H2O pair potential, we placed the Mn(ll) ion

to this zone dynamically. The size of this region was chosen to
contain the full first hydration shell at any step of the simulation.
A smoothing function in the radial region between 3.8 and 4.0

at numerous positions around the water molecule by varying A had to be applied to ensure a smooth transition between the

geometrical parameters & © < 180° and 0 < ¢ < 90°; for
each configuration, the MrO internuclear distanaewas varied

QM and MM forcest’ In each simulation step, an ab initio
calculation was performed providing quantum mechanical forces

from 1.2 to 15.0 A (Figure 1). The internal geometric parameters t0 be incorporated into the total force of the system by the

of water were held fixed at the experimental valéiese., roy
= 0.957 A andOHOH = 104.5. The quantum chemical

calculations were performed at the UHF level using the
TURBOMOLE program. The ab initio effective core potentials
(ECP) and doublé-valence basis set developed by Stevens,

Krauss, and Bas¢h were used for the Mn(ll) ion, and for

following formula

FSystem,total= I:System,MM_i_ I:QM—Region,QM_ I:QM—Region,MM
2)

whereFsysiem totaliS the total force of the systerfrsystemmmis

oxygen and hydrogen atoms, the DZP basis sets of Dunningth® MM force of the systenfou-region,ouis the QM force in

were used?

The interaction energie®\E,ng between water and manga-

the QM region, andFom-region,vm is the MM force in the QM
region. The last term in eq 2 accounts for the coupling between

nous ion were evaluated by subtracting the ab initio energies @M and MM region.

of the isolated specieg§wn2+ and Eq,o from those of the
monohydratesyinH,0y*

ABEppg= Evn,op+ — Emner — Eno (1)

The parallelized TURBOMOLE package was used for the
calculation of the ab initio forces, with the same basis*$éts
for Mn(ll), O, and H as those in the calculation of the pair
potential.

The simulation protocol was the same as that in the classical

A total of 1782 energy points of the monohydrate was generated MD simulation. The starting configuration of the system was

for a representative description of the Mn{thi,O system. Then

taken from the last configuration of the pair potential simulation.

fitting was performed with various potential types to describe The system was reequilibrated for 4.2 ps (21000 time steps) in

electrostatic and van der Waals interactions.
2.3. Monte Carlo Simulation. MC simulation was carried
out in the canonical ensemble using the Metrog®kdgorithm.

the NTV-ensemble. A further 21 000 steps of QM/MM-MD
simulation (4.2 ps) were performed in order to obtain data for
structural evaluation.
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TABLE 2: Final Optimized Parameters for the Interactions 100

of O and H Atoms of Water with Mn 2* Together with the 10= 0,4=0 ——E__
Point Charges Applied for the Interaction between Mr?*+ 75 20=30,4=0  ..... E,,
and H;O 30=60,4=0

=l
E A 40=180,¢=0
a b c d G 50
A-5 A7 A-9 A-12 < 254
atom charge (a.t) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) @
(03
O —0.6598 —7711.56 47036.41—81898.47 66161.08 [5 01
H 0.3299 —706.76  7575.35 —18087.79 18731.51 g 55
aTaken from the CF2 water-water interaction potential. ﬁ
= .50 -
100 |
80 731 1
60‘ -100 i T T LI T T T T 1 LI T T
0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15
40 1 . .
= Distance (A)
= ] A
E 20 P Figure 3. Comparison oAAEscrandAEgr, using the final parameters
G 0 for values of6 = 0°, 60°, 90°, and 180 (¢ = O in all cases).
<%
L 201 o= 135
=T 184 @ omarain 30
15 1 - -+ MnHRDF 125
-60 4 12 - -+ Mn-HIntegration | 20
9 115
-80 4 6 110
-100 LA | T T T L T T T 3- ."‘ N 2 Eg
-100 -80 -60 -40 -20 0 20 40 60 80 100 i T T T e T T
135
AE, . (keal/mol) }f; o 130
Figure 2. Comparison of the stabilization energies obtained from ab e 12 ] %(5);__7,
initio calculations AEscs and the fitted energieAErir). @ 91 ] 15«3
6 J10&
. . 3] 15 9
3. Results and Discussion 0] 10 °
T
3.1. Pair Potential. A global minimum of—74.17 kcal/mol 129 1 135
- i i - 1 © 130
was found for the dipole-oriente@,, configuration of the 9 155
Mn2*+—H,0 system at a MrO distance of 2.05 A® = 0 and 1 120
@ = 0, Figure 1). 6f 115
The fitting, performed by the least-squares method of 37 ) i ;O
Levenberg-Marquart resulted in a function of the form 0 e e 10
01 2 3 4 5 6 7 8 910
_ -5 -7 -9 -12 -1 .
AEg = Z(aiMriM + Biyliv + Cimlime + dimlim ™+ Aurin) Distance (A)
! (3) Figure 4. Mn—0 and Mn-H radial distribution functions and their

running integration number for Mn(Hwater system obtained by (a)

n MC, (b) MD, and (c) QM/MM-MD.
whereayy, biuw, Cim, anddiy are fitting parameters;y’s are the

distances between tlith atom of HO and Mn(ll),q’s are the TABLE 3: Characteristic Values of the Radial Distribution
atomic net charges of ttith atom of HO, andqy is the atomic Functions, g(r), for the Mn(ll) —Water Solution Obtained
net charge of Mn(ll). A weight factor was introduced to give oM MC, MD, and QM/MM-MD Simulations

special emphasis to values near the global energy minimum. method o=  rwi  fm M 2 Tm2 n

Values above 30 kcal/mol were excluded. Similar analytical wmc Mn—O 223 294 890 459 553 2283
potential functions were reported for other hydrated metal Mn—-H 292 353 17.04 4.82 6.07 53.44
ions3931 The fitting resulted in a rms error of 1.70. The final MD '\’ango géi g-;g 13-1‘11 i-gé 2-% ggzg
paramgters of the functlc.).n ar.e given |n. Table 2 OMMM Mn—O 228 288 674 400 520 1806

In Figure 2, the stabilization energies obtained from the Mn—H 284 344 1367 4.80 594 48.00

uantum chemical calculation& eq 1), are plotted versus . . . . .
q Escr(eq 1) P ary; andry; are the distances in A for tHéh maxima and minima

those obtained from the analytical functidrEerr, (eq 3) The of gus(r), respectivelyn; is the average coordination number integrated
correlation between the energieSsEscr and AEq7 is an up tory; of the ith shell.

important parameter, which indicates the quality of the function.

To show this correlation, we graph potential curves for some tions. Their characteristic values are listed in Table 3. In the

characteristic geometrical arrangements in Figure 3. They ShOWMn(”) —O RDFs, the peaks Corresponding to the first hydration

satisfactory agreement even in the repulsive regions. shell are centered at 2.23 A for the MC, 2.22 A for the MD,
3.2. Structural Data. Figure 4 displays and compares the and 2.28 A for the QM/MM-MD simulations, 0.18, 0.17, and

radial distribution functions (RDFs) for Mn(HHO and Mn- 0.22 A beyond the minimum of the SCF MnH,O potential,

(I —H together with their corresponding running integration respectively. The values obtained do not differ much from the

numbers obtained from MC, MD, and QM/MM-MD simula-  experimental values ranging from 2.18 to 2.22 A.



Simulation of Hydrated Manganous lon J. Phys. Chem. A, Vol. 105, No. 32, 2002649

100 5

(a) Il First Shell 4,0 1
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804
50 Figure 6. Distribution of the bond anglesJ@—Mn(ll) —H;O for the
] (a) MC, (b) MD, and (c) QM/MM-MD simulations.
40
201 describing the most direct neighbors appears betwe2mad®
oM b1 93° centered at 71for MC and between 50and 98 centered
6 8 101214 16 18 20 22 24 26 28 30 at 72 for the MD simulation. The second peaks are centered

Coordination Number at 139 and 138 for the MC and MD simulations, respectively.
Figure 5. First- and second-shell coordination number distribution of NO angle larger than 160appeared in these distributions. In
hydrated Mn(ll) for the (a) MC, (b) MD, and (c) QM/MM-MD contrast to the angular distributions obtained from classical MC/
simulations. MD simulations, the one obtained from the QM/MM-MD
simulation ranges from 5%0 179. The first peak is centered
The second peaks in these functions related to the secondat 78 and the second at 136The first peak is centered,
hydration shell appear between 3.80 and 5.34 A with a therefore, at an angle larger by &nd 7 than the first peaks
maximum value at 4.59 A for the MC, between 3.72 and 5.32 obtained by classical simulations. This is to be attributed to the
A with a maximum value at 4.42 A for the MD, and between smaller number of water ligands in the first hydration shell as
3.72 and 5.20 A with maximum value at 4.42 A for the QM/ compared to the number of molecules in the case of MC/MD
MM-MD, clearly well separated from the first hydration sphere simulations.
in all simulations.
In the Mn(I)—H RDFs, the first peaks are centered at 2.92, 4. Conclusion

2.94, and 2.84 A for the MC, MD, and QM/MM-MD simula- The ab initio two-body potential is not adequate to describe

tions, respectively. The shift of the MH RDFs to larger  yhe pyqration structure of Mn(ll) and leads to an overestimation
distances with respect to the corresponding oxygen peaksgt the coordination number, even using the more powerful QM/
indicates that especially in the first shell, the water molecules \in-MD method. The differences between the classical and
are well oriented to obey the dominant iewater interactions, o QM/MM-MD studies prove that many-body effects play an
with their oxygen atoms pointing to the ion. important role in the description of the hydration structure of
Th(_e percentages of occurrence of c_oordination numberg in Mn(ll). The results of the QM/MM-MD methodology are much
the first and second shells as obtained from the running closer to the experimental values. Despite the accuracy of the
integration numbers are shown in Figure 5. For the MC QM/MM-MD study, its results still raise the question for a need
Simulation, COOI’dination numberS Of 1033% Of 8 and 8967% of n_body Correction terms Outs|de the QM region. The box_

of 9 with a mean value of 8.90 water molecules and, for the sjze effect could also have an effect on the results obtained for
MD simulation, 26% of 8, 73.73% of 9 and 0.27% of 10 water the second hydration shell, due to the possibility of significant

molecules with mean value of 8.74 water molecules were jnteractions with a third solvation shell. For these reasons, a
observed. However, for the QM/MM-MD simulation, 26.42%  fyrther extension of the present study employing a 3-body

of 6 and 73.57% of 7 water molecules around the cation with correction function for the MM region and an extended basic

a mean value of 6.74 water molecules were obtained, i.e., abouthox seems to be desirable.

2 water molecules less than the averages obtained from the
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The mean coordination numbers for the second hydration shellence Foundation, project No. P13644-TPH, and a scholarship
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