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A molecular dynamics simulation based on ab initio quantum mechanical forces in combination with molecular
mechanics has been performed to describe structural and dynamical propertie$ iof Water. The first
hydration shell, being the chemically most relevant region, was treated by quantum mechanics at-Hartree
Fock level using the LANL2DZ ECP for Agand doublez plus polarization basis sets for water. The outer
region of the system was described using a newly constructed classical three-body corrected potential derived
from ab initio energy surfaces. The structure was evaluated in terms of radial and angular distribution functions
and coordination number distributions. Water exchange processes between coordination shells have been
investigated and evaluated. The results show that the first hydration shell is of rather irregular shape, with an
average coordination number of 5.5. Fast water exchange processes between the first and second hydration
shell were observed, leading to a preference of 5- and 6-fold coordinated species. The mean residence times
of water molecules in the first and second hydration shell are 25 and 10 ps. Because of the labile structure,
the librational and vibrational frequencies of first hydration shell ligands are only weakly influenced by the
interaction with the ion.

1. Introduction case of di- and trivalent ions, but the inclusion of three-body
) ) ) ) interactions to correct the pair potential function has generally

Structural and dynamical properties of metal ions in aqUeOUS pean recognized as a significant improvement of the ré€dfts?
solution have become a major subject of experimental and 14 jnciyde highem-body terms in the potential functions is a
theoretical |.nvest|ggt|ons beqause qf thelrlmportant role in many hardly feasible procedure, and thus, the QM/MM formalism
processes in solution chemistry, biochemistry, and pharmacol- . iding the implicit inclusion of these many-body interactions
ogy. Ag"—amino acid complexes which are soluble in water 4 o, initio level for the most important region of the system is
hav_e b|olog|ca_l q_nd medical relevance, e.g., in antibacterial and 4 present the most suitable procedure to reach this level of
antifungal activities: Only few structural data have been  ,cc\racy. To apply the quantum mechanical calculations to the
obtained for hydrated Ag from experimental work® and full simulation box is still far for beyond current computer
computer simulation study. capacities. Therefore, only the chemically most relevant region

Structural and dynamical properties of hydrated metal ions of the system (QM region) is treated by ab initio quantum
can be obtained both by experimental measurements andmechanics. In the case of hydrated ions, this is the first hydration
computer simulation methods. The main experimental methodsshell, where many-body contributions are much more important
are X-ray diffraction (XRD) and neutron diffraction (ND),  than in the second shell or the bulk. The remaining region can
extended X-ray absorption fine structure (EXAFS), and nuclear pe treated by molecular mechanics (MM region) based on pair
magnetic resonance (NMR)Computer simulation methods as  potential functions, preferably still including three-body cor-
Monte Carlo (MC), classical molecular dynamics (CMD), and rections? The structure of the hydration shell of several metal
hybrid quantum mechanical and molecular mechanical (QM/ jons has been successfully evaluated by QM/MM molecular
MM) simulations have become a strong alternative to experi- dynamics simulation, and additionally hydration energies,
ments for elucidating details of metal ion solvates, in particular |iprational, and vibrational spectra could be obtaifié®.
for dilute systems and very fast exchange processes where | igand exchange processes at hydrated metal ions strongly
experimental techniques reach their limitations. QM/MM simu- influence ion reactivities. The rather labile structure of hydrated
!atlons have been used §uccessfplly to simulate sollvat.ed metalnonovalent ions as Agcompared to hydrated metal ions of
ions in water or ammoni#;,?® proving the need of this highly  higher charge makes their experimental investigation difficult.
CPU time demanding method to obtain accurate data for such Experimental studies of hydrated Achave assigned-24.5
systems: waters to the first hydration shélf, indicating that the shell

In the first hydration shell of monovalent ions, the many- structure is rather labile, subject to a rapid exchange between
body interactions could be expected to be weaker than in thefirst and second shell ligands, and depending strongly on
concentration and other experimental conditions.
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TABLE 1: Optimized Parameters of the Analytical Pair Potential Function for the Interaction of Ag ™ with Water

pair A (kcal molt AS) A (kcal molt A®) A (kcal molt A9) A (kcal molt A12)
Agt—0 —11187.36 130482.41 —175374.64 88248.29
AgT—H —4341.34 73605.79 —118109.62 79786.24
in the picosecond rangé. The labile hydrated Ag thus The three-body correction energies were fitted to the equation
appeared a most favorable example to use this capability of the
QM/MM technique. AE®I=0.37¢ 3101 039y CL — r)H(CL —1,)?  (4)
2. Methods where CL, set to 6.0 A, is the cutoff limit beyond which three-

body terms become negligible.
2.2. Simulation Protocol.The cubic elementary box of 24.6
side length contained 1 Agion and 499 water molecules
corresponding to the density of the system of 0.99702 §/cm
A canonicalNVTensemble at 298.16 K was used with periodic
boundary condition$! and the temperature was kept constant
2bd ab ab ab by the Berendsen algorithfd.The flexible BJH-CF2 water
AET"=Eyw — By — By 1) modef”43 including an intramolecular potential was used.
Consequently, the time step of the simulation was set to 0.2 fs,
where ab denotes ab initio, MW denotes the-gvater, and M which allows for explicit movement of hydrogens. A cutoff of
and W denote ion and water energies. The minimum energy 12.0 A was set except for ©4 and H-H non-Coulombic
for the Agr—H,0 interaction is—25.4 kcal mot! at a distance interactions where it was set to 5.0 and 3.0 A. The reaction
of 2.35 A. MP2 calculations being much more time demanfting field method“was used to account for long-range electrostatic
yield nearly the same AgO distance (3.32 A) associated with  interactions.
a slightly lower energy~+ —28.9 kcal/mol). As neither ion 2.3. QM/MM Molecular Dynamic Simulation. First, a
ligand nor the shape of the potential curve are significantly classical simulation was performed for 60 ps. Subsequently, the
different, it could be assumed that electron correlation would QM/MM simulation was performed for 16 ps after 4 ps of
be neglected in the simulation, which otherwise would have reequilibration. The ab initio quantum mechanical treatment was
consumed-30 instead of~7 months of CPU time. More than  applied for the ion and the complete first hydration shell,
9000 ab initio energy points were used to construct the three-whereas for the remaining MM region, the same&32body

2.1. Potential Functions. To describe MM interactions
between species in the system, two- and three-body interactionsA
(Agt—H,0O and HO—Ag™—H,0) were included. More than
2000 ab initio energy points were fitted to an analytical two-
body potential function

body correction function, and the three-body energjyég’gﬂ potential as in the classical simulation was used. According to
were computed as follows: the Ag—O RDF of that simulation, the QM radius had to be set
to 3.8 A in order to fully include the first hydration shell. A
bd b b bd bd smoothing function was applied in the transition region between
AEgorrZ (Edvww — Ev — ZEsvb) - AE&/IW(rl) - AEwa(rz) - g P 9

b QM and MM regions. The force of the systefysieem Can be
AEpw(ry) (2) defined as

where ab and 2bd denote ab initio and pair potential energies; Fsystem™ Fum + S(FQM - I:QM/MM) ®)
MW and WW indicate ior-water and waterwater interactions,
respectivelyry, rp, andrz correspond to iorO(1), ion—0(2),

and O(1)-0O(2) distances. All pair and three-body interaction
energies were calculated at the restricted Hartfemck (RHF)
level with LANL2DZ ECP2 and doubleZ plus polarizatiof*
basis sets for silver and water, respectively, and fitted to
analytical functions using the Levenberg algorithm. The basis
set superposition error (BSSEpf our system was investigated
and proved to be very small, amounting in 0.790 kcal/mol for
an ion first shell water cluster. The water geometry was kept
constant throughout the calculations, at experimental gas-phas
values of G-H = 0.9601 A and H-O—H = 104.47.36 Oxygen

and hydrogen charges to be used in the function for Coulombic

whereFuy is the force of the system derived from the potential
function, Foum is the force inside the QM region, calculated by
ab initio quantum mechanics, afiéwwmwm is the force in the
QM region computed using the derivatives of the potential
function. S denotes the smoothing functiéhFree migration

of ligands between the QM and MM region is enabled in this
approach.

2.4. Velocity Autocorrelation Functions and Mean Resi-
dence Times.The evaluation of spectral properties such as
éibrational and vibrational frequencies of water molecule motions
Is carried out using velocity autocorrelation functions (VACFs),
C(t), defined as

interactions were set t6-0.6598 and 0.329937, respectively. N N
All ab initio calculations were performed using the Tur- D)t + t
bomol&840 program. ,Z ]z 5+
The two-body ab initio energies were fitted to Cit)= " (6)
t N
- 3Oud A B, C D, NN Zzzj(ti)zj(ti)
AEFit:Z +_6+_8+_9+—12 (3) T
S oy i Twi Twi whereN is the number of particlesy, is the number of time
originst;, andz; denotes a certain velocity component of particle
where M and denote Ag and oxygen hydrogen atom4; B, j- The power spectrum of the VACF was calculated by Fourier

C, and D are the optimized parameters; aqdepresent the  transformation. A correlation length of 2.0 ps was used to obtain
atomic charges. The optimized parameters are summarized inthe power spectra with 4000 (classical) and 2000 (QM/MM)
Table 1. averaged time origins. Librational and vibrational frequencies
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5 25 TABLE 2: Hydration Parameters for Ag * in Aqueous
] Solution Obtained from QM/MM and Classical Simulations
4l 20 parameter classical QM/MM
§ T 2.59 ~2.6
—~ 3L 15 g I'2Agfoa 5.0 4.6
e-,o g CN 1sp 4.9 5.4
s g CN 2nd 22.6 17.8
% 2 110 § O—Ag—0 angle 87 87
) mean out of plane andle 0° —50°/50°
1 35 = meand anglé 158 135/145
] aFirst and second peak maximum of AQ RDF in A.® Coordi-
1 nation numbers of the first and second hydration shdlhgle between
02 0 Ag—O connection vector and plane formed by-B vectors.9 Angle
between Ag-O connection vector and resultant vector from sum of
5 60 O—H vectors.
5 70
4 ] 50 [
] g 60 |- O First shell
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= 3r 1 2 50 F -
=~ = — r
3 30 5 SN _
o o 1 = 3 40
4 1)) = [
20 © L [
1 E Z30F
L 8 [
! 10 20F ==
0= 0 10F
r[A] O:' m\.ﬂ.‘\.‘ =] Ll
) o ) . 0 5 10 15 20 25 30
Figure 1. Ag—0O and Ag-H radial distribution functions and their
corresponding integration numbers obtained from QM/MM (solid line) 70
and classical (dotted line) simulations. F -~
60 F
of water molecules as well as iefoxygen motions were 505_
computed using the approximative normal coordinate anai§sis. < F
Six scalar quantitie€);, Q., Qs, Ry, Ry, and R, define the 40k
symmetric stretching, bending and asymmetric stretching vibra- 5 |
tions, and rotations around the three principal axes of the water ~ 3 30}
molecules. © ok _
The mean residence times) (of water molecules in the EE
hydration shells of Ag were calculated with the following 1oF
formalism proposed by Impey et &l. ot bl . =5 =
0 5 10 15 20 25 30
N Coordination numbers
Ngn(t) =— P.(t,, t;t*) (7 Figure 2. Coordination number distributions of Agn water obtained
N, &14 J from (a) QM/MM and (b) classical simulations.

wherenn(t) is the number of water molecules which lie initially ~ QW/MM simulation were observed at2.6 and~3.1 Awitha
within the coordination shell and are still there after a time ~ tailed first Ag—Q peak (see Figure 1). The broad peak showing
elapsed. The parameter is introduced to avoid counting of ~ SOMe Sm‘;l\l s_pl|_tt|ng and shouldgrs (2.4, 2.49, 2'55'_2'61’ 2.7,
water molecules leaving the coordination shell only temporarily nd 2.81 A) indicates a very labile structure of the first shell.
and returning to it withirt*. The functionP,(t,t;t*) of a water The value of the Ag-O RDF between first and secpnd hydration
moleculgj can be either to 0 o 1. It takes the value 1 if molecule SN€ll never comes close to zero, corresponding to frequent
j lies within the coordination shell at both time stepandt + mterslhelllwater exchange processes and a high erX|b|.I|ty of
t, and does not leave the coordination shell for any continuous c°rdination. The second peak of the-AQ RDF corresponding
period longer thart*. Under all other circumstances, it takes to the second hydration shell is well defined and considerably

the value 0. The parameter tfwas set to 2 ps in accordance shifted to smaller distances in the QM/MM simulation.
to Impey47 Coordination number distributions of hydrated Agptained

from classical and QM/MM simulations are displayed in Figure
2, calculated up to a distance of 3.5 A for the first and 5.5 A
for the second shell. Dominance of 5- and 6-coordinated
3.1. Structural Properties. The Ag—O and Ag-H radial complexes was obtained from the classical as well as the QM/
distribution functions (RDFs) and their running integration MM simulation indicating a rather labile structure of the first
numbers obtained from classical and QM/MM simulations are hydration shell with continuously varying coordination number.
displayed in Figure 1 and the main structural parameters areln both cases, 7-fold coordinated complexes were also observed
listed in Table 2. The maximum probability for the A@ and which can be seen as transition state structures. Coordination
Ag—H distances in the first hydration shell obtained from the numbers of 5 and 6 are dominant according to both simulations.

3. Results and Discussion
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3 TABLE 3: Structural Parameters of First Hydration Shell
of Hydrated Ag*, where n Represents the Coordination
Number
H>O/salt
salt molar ratio kg0, A n geometry method
2 Ag* 499 2.59 4.9 irregular  classical MD
- Ag* 499 2.6 5.4 irregular  QM/MM MD
2 Ag* 275 23  ~7 MC?
AgCIlO, 16.8 231 2.9 irregular EXAPS
AgCIlO, 10.4 241 2.0 linear XRD
Lr AgCIO¢ 5555 2.32 4.3 tetrahedral EXAFS
AgCIO 555 231 4.5 tetrahedral EXAFS
AgCIOs£ 555 231 4.3 tetrahedral EXAFS
AgCIlOs£ 10.6 241 3.9 tetrahedral ND
oL . . . 3 Monte Carlo simulation, ref 7. Experimental values by XRD and
60 90 120 150 180 EXAFS methods, ref 5¢ Experimental values by EXAFS method, ref
0-Ag-O angle [°] 6.91n 0.001 M HCOL. ¢In 3.00 M HCOW,. f Experimental values by
ND method?

Figure 3. Angular distribution function of @Ag*—0 obtained by
QM/MM (solid line) and classical (dotted line) simulations.
considerably lower values in comparison with the classical

Although the Ag-O RDF covers a wide range from 2.2 to  simulation. The broad distribution and the average valueld

3.5 A, its average peak value 2.6 A is quite different from ligands show, however, that this shell is only loosely bound
hitherto published experimental distances in the range of 2.3 and extremely flexible.
2.4 A with an average coordination number ef£25 (cf. Table The O-Ag—O0 angle distributions (ADF) of the first shell

3). A possible reason for this discrepancy is the extreme lability structure obtained from classical and QM/MM simulations are
and asymmetry of the first hydration shell, which leads to the shown in Figure 3. The peak maxima of the ADFs &&7° in
coexistence of more than one configuration within very short both simulations exhibiting a multiply splitted main peak in the
time intervals of a few picoseconds. Experimental data, averagedQM/MM case again pointing toward the presence of several
over a long time and fitted to a single geometrical model arrangements. A small second peak located~a60° was
configuration instead of a mixture of geometrically very different observed in both simulations, more distinctly in the QM/MM
configurations might thus lead to somewhat different conclu- graph.

sions. A more detailed analysis of our simulation results by  To illustrate in detail the lability of the first hydration shell
visualization tool has been performed, therefore (vide infra). with its various configurations, we have created a video clip
The second shell QM/MM coordination numbers are shifted to from the QM/MM simulation trajectory using the MOLVISION

2+3 2+4

¢ ®

0-_ 00

(a) (b)

242 2+5 O

(c) (d)
Figure 4. Structures of hydrated Ag(first shell, using a cutoff of 4.0 A) showing coordination numbers of (a) 5, (b) 6, (c) 4, and (d) 7. Hydrogen

atoms are not shown explicitly, the big sphere represents tHeigkg the medium-sized ones are oxygens at distances up to 2.6 A, and the small
ones oxygens at distances above 2.6 A from the ion (2.6 A was used due to the slight splitting of the-fiGsiRRIf peak).
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TABLE 4: Librational and Vibrational Frequencies of
Water Molecules in the First and Second Hydration Shell of

R, ' ' Q,
1 the Ag™ lon and in the Bulk

30

: frequency [cm?]
20 T 1 phase method R R« Ry Q2 Q1 Qs

first shell QM/MM?® 447 445 531 1612 3610 3681
classical 452 445 570 1684 3455 3576

second shell QM/MM 426 466 566 1689 3482 3556
classical 398 400 575 1693 3441 3542

bulk QOM/MM 411 426 551 1696 3450 3550
classical 408 420 548 1697 3448 3553
liquid® 1645 3345 3445
gas 1595 3657 3756
gad 1601 3641 3756

aUsing scaled value of 0.89, refs 51 and 5&xperimental values
in liquid water, ref 54°¢Experimental values in gas phase, ref 55.
d Scaled gas-phase vibrational frequencies using the DZP basis set for
water, ref 16.

The hydration energy of Agresulting from the QM/MM
simulation of—152 kcal mot? is lower than the experimental
value of —118 kcal mot1.50 The difference may be caused by
the specific assumptions necessary to assign single-ion values
to measurements of sdltsand/or by cation/anion associative
effects known for silver salts.

The Ag' ion has only a small influence on the water geometry
in the first shell, leading to 0.01 A elongation of the-8 bond
and a slightly reduced HO—H angle. The orientation of the
ligands is also quite flexible, proving the weak structure-forming
ability of Ag™ even for its nearest environment.

3.2. Librational and Vibrational Motions of Water Mol-
ecules.The power spectra of VACFs for the librational motions
¥ Rv Ry, and R, and the vibrational motion§s, Q, and Qs

Frequency [em ] obtained from classical and QM/MM simulations are displayed
Figure 5. Power spectra of rotational modés, R,, and R, and in Figure 5 and their frequencies are summarized in Table 4.
vibrational mode<Q,, Q1, and Qs for water molecules in in the first  All frequencies of water molecules and ieoxygen motions
hydration shell obtained by QM/MM (solid line) and classical (dotted  jn, the first shell obtained by the QM/MM simulation were scaled
line) simulations. by the standard factor 0.8952because all atomic motions in
this shell were generated from the quantum mechanical forces
by the analytic gradient of the SCF wave functions. The order
R, ~ R« < Ry obtained in the first shell of both simulations is
in contrast with previous simulationB{< Ry < R)).101653The
frequencies ofR, and R, values in the first shell from both
simulations are blue-shifted in comparison with the bulk by
: " X . - fixation to the ion, whereas a red-shift®l frequency value is
peak. By taking “snapshots” during the simulation, the pictures ,pained by the QM/MM simulation. In contrast to this, the

of 4-, 5-, 6-, and 7-coordinated complexes displayed in Figure ¢|5ssjcal simulation gives all blue-shifted values. The generally
4 were obtained. According to the coordination number distribu- ¢nail shifts ofR, R, andR, values are consistent with the

tions, four spgcies configurations exist in the fir;t hydration shell. previously deduced labile structure of the first hydration shell,
The dominating ones are the 5- and 6-coordinated complexesang the observed slight splitting of the corresponding peaks in
(Figure 4, parts a and b), the other. structures with 4 and 7 water,q QM/MM simulation (cf. Figure 5) confirms the presence
molecules around the ion (see Figure 5, parts ¢ and d) occuryt gifferent ion-ligand bonds in different solvate structures.
much more rarely (see Figure 2a for percentual occurrence). The stretching frequencies of the first hydration shell obtained
Based on the ion-oxygen distances corresponding to the smallby the QM/MM simulation are blue-shifted, whereas the bending
splittings of the first Ag-O RDF peak one can try to assign frequency is red-shifted in comparison to the bulk. The classical
more detailed structures, as &2 configuration with 2.5 and  simulation gives similar, but much less shifted, values thus
2.7 Alion-ligand distances and a2 structure with 2.52.8 showing the significant influence of many-body effects on the
A. The video clip allows to follow the manifold movements of  vibrational motions. The first shell frequency difference between
the ligands including all changes of the coordination number Q; andQs for QM/MM simulation is 71 cm® which is smaller
during the simulation. The extreme lability and irregular than in the bulk (100 cm).
structure of the solvation shell also corresponds to the splitting The power spectra of the Ag-O stretching vibration in the
of the O/Ag/O angle distribution (Figure 5) and thus supports first shell obtained by approximative normal coordinate analysis
the above-mentioned reasons for discrepancies with experimen-{see section 2.4) from the classical and the QM/MM simulations
tal investigations, usually assuming a more or less constantare displayed in Figure 6. The QM/MM band shows maxima
coordination of ligands and reflecting long-time averaged ion- at 99, 142, and 186 cm and a shoulder around 245 cin
ligand distances. The corresponding force constants are 8, 16, 28, and 48'Nm

Intensity [arbritary unit]

0 = s L { X L n s "
0 300 600 900 1000 2000 3000 4000

program and made it available for download at the MOLVISION
homepage (http://www.molvision.com, section video clifSs).
The visualization shows a preference a@f2and 24 configu-
rations in the first hydration shell with two closer and three or
four more distant water molecules. The different distances of
ligands are consistent with the splittings of the firstAQ RDF
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Figure 6. Power spectra of Ag—oxygen vibrational modes in the
first hydration shell obtained by classical (dotted line) and QM/MM
(solid line) simulations.
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Simulation time [ ps ]

Figure 7. Variation of ion—oxygen distances during the QM/MM
simulation showing numerous exchange processes.

(average:~25 Nm1). This variety of values clearly reflect the
variety of hydrate structures assumed by the" Aan, with all
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4. Conclusions

Only QM/MM simulations appear reliable enough to describe
in detail the hydration shell structure of Ags the classical
simulation does not reproduce well enough the flexible structural
composition of all species formed. Coordination numbers
ranging from 4 to 7 have been obtained, showing 5- and 6-fold
coordinated complexes to be the dominant species. Vibrational
spectra, visualization of dynamics, and the investigation of water
exchange processes via mean ligand residence times all lead to
a consistent picture of a highly flexible first shell, in which
several conformations are interchanging within a picosecond
time scale. The presence of geometrically very different species
with such short lifetimes can be seen as a reason for difficulties
to obtain a precise Ag hydrate structure by experimental
methods.
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