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Abstract

Recent developments in computer speed and capacity have opened the access to highly accurate molecular dynamics simulations base
on quantum mechanically calculated forces for the chemically relevant region around ions in solution (QM/MM formalism). This accuracy,
although still extremely consuming (30—-300 days of CP time per simulation), is needed for reliable structural details and ligand exchange
rates. A large number of main group and transition metal ions have been investigated by this approach, giving very detailed insight into the
properties of these ions in solution and allowing to classify the ions by various characteristics. Most first-row transition metal ions have a very
stable first hexa-coordinated solvation shell, whose vibrational distortions, however, strongly influence the dynamics of the second shell. The
dynamical Jahn—Teller effect — shown to be a femto- and picosecond phenomenon — can strongly influence ligand coordination and exchange
dynamics. A large number of ions with very labile solvation shell such as most main group ions, but also transition metal ions, e.g. Ag(l)
and Hg(ll), can change their coordination within the picosecond scale, leading to an almost simultaneous presence of several species hardly
accessible by present experimental techniques. Among these ions, the structure breakers are of particular interest, and it could be shown tha
there are two types of them, one with a large and very labile first coordination shell such as Cs(l), the other characterised by a small first
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but an unusually large second solvation shell such as Au(l). Investigations of metal ions coordinated to ammonia ligands have shown tha
coordination to hetero-atoms can accelerate the ligand exchange reaction rates by several orders of magnitude, e.g. for Cu(ll) and Ni(ll)
Simulations of ions in aqueous ammonia gave a very detailed picture of the complexity of species almost simultaneously present and illustrat
the enormous difficulties encountered when trying to fit X-ray or neutron diffraction data for such systems. In general, ligand exchange rates
situated in the picosecond range are far below the NMR scale, and as femtosecond laser pulse spectroscopy could not be applied so far
ionic solutions, accurate simulations have become a very important tool to access structure and dynamics of solvated ions. A number of vide
clips supplied on the Web as supporting material illustrates the processes occurring in solutions of the metal ions.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction: the importance of metal ions in [10], and most of the metal ions dominating biological sys-
chemistry and biology tems exchange their ligands within the experimentally nearly
unaccessible picosecond range, or can achieve an exchange

The importance of metal ions and their manifold applica- mechanism accelerated to this range upon binding to other

tions in chemistry is undisputed, and their beneficial as well ligands[12—-15] Experimental rates for these ions must be

as detrimental activity in numerous essential biochemical considered, therefore, as rough estimates, until newer meth-

processes is well knowfi], the knowledge of their role  ods such as femtosecond laser pulse spectrogd@jycan

and potency continuously increasing. Accurate details of the be extended to the study of solvated ion dynamics.

properties of metal ions in solution are crucial, therefore,  For these reasons, the demand for reliable theoretical

for understanding the mechanism of their action in these methods to obtain both structural and dynamical data has

processes, in particular the knowledge about the molecularalways been strong. Unfortunately, simulation of liquids

structure and dynamics of ions and their complexes in was (and actually still is) one of the most computer-time

solution. Consequently, solvated ions have been the subjectonsuming procedures in computational chemistry, and thus

of numerous experimentd2—4] and, more recently, also the accuracy of earlier approaches was necessarily limited

theoretical[5-8] studies, and several review papers have by the technical capability of computers and the affordable

summarised the large number of related publicatjor4 1]. size of model systems. In the past few years, the limits of
Many of the ions simply act in their hydrated form classical Monte Carlo (MC) and molecular dynamics (MD)

to maintain and modify electric and osmotic equilibria, simulations based on analytical pair and, eventually, 3-body

others determine biological processes in combination with potential functions were overcome, and introducing quantum

organic ligands, forming the active centre of enzymes or mechanical calculations into the process of simulation has

transport proteins. While in the first case the properties of for the first time allowed to achieve the desired degree of

the hydrated ion itself are the focus of interest, in the second accuracy for the treatment of solvated ions.

case the influence of the coordination to other binding sites

on the exchange dynamics of water or other small ligands

is a matter of primary interest. Subtle differences in ion 2, Molecular dynamics simulations as tool to

properties can dramatically change their biological role, investigate metal solvates

thus making any major perturbation of the ratio of these ions

a detrimental, if not lethal event (e.g. N&K™). To fully 2.1. Classical simulations

understand these effects and their regulatory mechanisms

(inter alia ion channel function in membranes), general ther-  Classical MC and MD simulations are being used for about
modynamic and electrochemical data are insufficient. A very half a century for the theoretical treatment of liquid systems.
accurate knowledge of the nanostructure of these ions andBy employing a basic box with a sufficiently large number
of their dynamical characteristics in aqueous environment is of atoms/ions/molecules and periodic boundary conditions,
required. the physical state of a liquid with the experimental density
Most of the experimental studies require the use of struc- js achieved, and the interactions between all species present
tural models for the fitting of spectroscopic observations are evaluated on the basis of empirically fitted or analytical
in the process of interpretation. Therefore, the quality of potential functions, ab initio generated from pointwise calcu-
the results is at best as good as the models used for thigations of interaction energy surfaces. Interaction functions
interpretation, and it will be shown in the present work that were initially truncated to the pair term, but in particular for
the composition of ionic solutions is in many cases much hydrated metal ions it was discovered quite soon that higher-
more complicated than the usual models being employed. order terms play an essential role, thus demanding at least
Another difficulty in the study of solvated metalionsisthe 3-body corrections to these pair potential functions. Even
enormous range of exchange rate constants encountered: fofhen, classical simulations are not capable of describing more
aquo-complexes the rates vary between'#Gand 162s™* complicated phenomena such as the Jahn—Teller effect.
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While classical simulations have been very helpful to geta molecular mechanics for the remaining part of it. This idea,
first, general access to the molecular structure of pure liquidsoriginally proposed for the treatment of larger biomolecules
and electrolyte solutions, their limitations have made them [28-31] has been successfully applied to solvated ions
today merely a helpful tool for the initial equilibration of in the past decaddll] under the name of QM/MM
such systems, to facilitate the performance of more accuratesimulations.
simulations with a good starting configuration.

. . ) 2.3. ab initio QM/MM simulations
2.2. Simulations based on quantum mechanics

In ab initio QM/MM simulations of solvated ions, the
basic box is partitioned (cfFig. 1) into an inner region
containing the ion plus 1 or 2 complete solvation shells
(‘QM region’), where all energies (MC) or forces (MD) are
calculated at ab initio HF level, with double zeta basis sets
plus polarisation functions, which has been shown to be the

energy'surfaces, thg introduction of quantum mephanlcal best compromise between accuracy and computational effort
evaluations of energies (MC) and forces (MD) remained the 1351 = heavier ions, the inner electrons are considered

onlyfeasib_le solution, besides attempts to achieve an averag y — eventually relativistically corrected — effective core
consideration ofthe—qu_yeffects_and quantum effects_such potentials (ECP). The remaining system (MM region’),
as charge transfer by f|tt|ng polarisable pot_e ntial functhns to usually containing around 500 solvent molecules, is treated
r.eflgct some of t.he experimentally determined properties of by classical molecular mechanics employing the same pair
liquids and solution{20-22] The latter efforts soon showed 3-body potentials as in the classical simulations. The

that none of these empirical potentials could cover all necessary size of the QM region varies with the number of

phentomena e;:co_untere?hln thle liquid sysltemds, thus Ie"?“_"ngl’solvent ligands attached to the ion and can be estimated from
quantum mechanics as the only universal and NONEMPINCal,y, initia) classical simulation with pair plus 3-body potential
alternative. functions

T::edmgln Eroblem In t?e use Olf qua”_t“”; mechanical o use ofthis approach requires a smoothing procedurein
methods In the course of a simulation IS the enormous v, ansition region between QM and MM region, which al-

gomp_utatlﬁnal effor;cj assoqate% W'tfh thes? calculatu?]ns, lows transitions of solvent molecules without discontinuities,
oosting the required CPU time by a factor of 50-100 when and the employment of a flexible solvent model in the MM

using a sufficiently accurate level of theory and appropriate oo compatible with the full flexibility of the molecules in
basis sets. Initial investigations had shd&8] that semiem-

pirical MO methods and even single zeta basis set ab initio
calculations are not capable of describing solvated ions in
simulations.

An important attempt to introduce quantum mechanics
into the description of solvated ions was the approach by
Car and Parinell¢24], in which small hydrated clusters of
ion and 30-60 water molecules are simulated at density func-
tional level of theory (DFT), usually with the relatively simple
BLYP functional. However, this approach fails in most cases
to produce correct coordination numbers, e.g. 5 instead of 6
for Cu(ll) [25] and 6 instead of 8 for Ca(I[R6]. The use of
more sophisticated hybrid density functionals such as B3LYP
[27] improves this feature, but the corresponding computa-
tional effort is no more smaller than for ab initio calculations
at Hartree—Fock (HF) level.

In order to avoid artificial symmetry effects and to include
all solvation shells plus the effects of surrounding bulk,
the basic simulation box should contain several hundred
solvent molecules. To treat such a box completely by
means of ab initio quantum mechanics is still far beyond
any available computational capacities. The compromise
leading to feasible computational requirements, but still
malntalmng the de.SIred accuracy Is.to apply the. quantum Fig. 1. Schematic drawing of the simulation box partitioned into the QM
me?hamcal formalism to the Fhemlca”y _m(_)St |mporta_nt region and the rest of the simulation box treated with classical molecular
region of the system, and to retain the description by classical mechanics.

Recognising the crucial importancemsbody terms for a
satisfactory description of solvated ions (pair potentials even
predict wrong coordination numbefd7-19] and facing
the technically almost impossible task to construct higher
than 3-body correction functions from ab initio calculated
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the QM region, at least in the case of MD simulations. Such and fitted to analytical forms of the type
flexible model potentials always contain, in addition to the

intermolecular term, an intramolecular term. This flexibility, at A B C D
; m Eo— 99%or+ Ao Bo  Co , Do
which allows explicit hydrogen movements, also demands an #2bd = — 2t p T ot
appropriate short time step in the simulation, usually 0.2fs. 2
This requirement leads to a total amount of 50 000 steps for qHdioret , AH | Bn | CH | DH
uirement lea amount o $30 (Mot A By Cn Da
an MD simulation of just 10 ps, which explains the enormous T ¢ ; ri ¥

. . . . i=1
computational effort of QM/MM simulations, despite of the l

reduction of the QM formalism to a smaller inner part of the (1)
system. One step of the simulation with the evaluation of

quantum mechanically calculated forces requires a few min- whereA, B, C andD are the final fitting parameters aad
utes of CPU time on 4-10 processors (Intel 2400/2800 MHz) b, c andd the exponentsgo andgy are the partial charges
thus generating a total computation time of 30-300 days of oxygen and hydrogen, set t60.65966 and O. 3298{38]

per simulation. For comparison, a classical simulation of according to the BJH-CFB9,40] water model, andq, is

the same systems can be performed within a few hours onthe charge on the ion. The experimental gas phase geometry
a desktop computer with one processor of this type, which of H20 was fixed during the potential surface construction
clearly demonstrates that most of the computational effort with the O—H distance of 0.960iLand the H-O-H angle of

is dedicated to the quantum mechanical calculations. This 104.47 [41].

also implies that the parallelisation of the computations has ~ The 3-body correction term was constructed according to
its limits in the parallelisability of the QM code (integrals, EQ.(2),

diagonalisation). With the parallel TURBOMOLE program

[33—_36]emp|oyed_ in our simulations and the {aforementioned ESSY = Egnwiws — (Eton + 2Ew)

basis sets the optimal number of processors lies between 4 and

10, according to the number of ligands located in the solvation = (Ejonwi + Ejonws) — Ewiw (2)
shell(s).

The MD simulation protocols of all simulations reported WhereE,;,\iw; is the SCF energy for [lon(t0)2]" ", E\gnwi
here were almost identical. All QM/MM MD simulations and E,,,; are the 2-body energies calculated using Eq.
reported for ions in water have been performed for one ion (1), and Eyy:y; is the interaction energy between water
immersed in 499 solvent molecules (215 molecules in the molecules.
case of pure ammonia) positioned in a cubic box of the exper-  To derive the 3-body potential we evaluated the energy
imental density. The QM region included the full first (and hypersurface for HO—lon'*—H,O by ab initio molecular
eventually second) hydration sphere, and solvent moleculesorbital calculations at RHF/UHF level. For the geometries
were allowed to enter/leave the QM region through a employed in this work almost all5py values were found to
transition region of 0.2 width, ensuring a smooth transition ~ be positive (repulsive) decreasing with growing ion—oxygen
between quantum mechanical and molecular mechanicaldistances and approaching Okcalmblat a distance of
forces. Periodic boundary conditions were applied, and long- 6.0A. The resulting energies were fitted to the analytical
range interactions were handled by the reaction field method.formula:

The temperature of the NVT ensembles was controlled by

the Berendsen algorith[87] with a relaxation time of 0.1 ps. ESON = A exp(—Bri2) exp(-Brig)

For the MM part of the systems, ab initio generated pair and

3-body potential functions for ion-water interactions were x expC r23)[(rimit — r12)*(rgqiimit — r13)?]  (3)
used, whose details are given in the corresponding references.

For water, the flexible BJH-CF2 mod§38,39] was used, with the fitting parameterd, B andC. The term in square
which allows explicit hydrogen movements, requesting thus brackets ensures that the energy for all distances afgye

a time step of 0.2fs for the simulations. The preference of i.e. 6.0A, vanishes. The other variables are the OO distance,
this water model over others is founded on the one hand on itsr»3, and the distances between the ion and the fiig) &nd
flexibility, allowing intramolecular vibrations and relaxation the secondr3) oxygen.

processes and thus the evaluation of vibrational spectra of The details and parameters of all potential functions are
the ligand molecules. On the other hand, it allows a smoothergiven in the references to the specific ions cited in the fol-
transition from the QM region (where all ligands are fully lowing sections and tables.

flexible) to the MM region than any rigid water model Classical simulations with these potentials functions were
would. performed to obtain suitable starting configurations for the

The pair and 3-body potential functions required for the QM/MM simulations and to obtain a measure for the nec-
MM region of the simulations were all constructed from the essary radius of the QM region to include the full first or
respective energy surfaces, ab initio calculated with the samefirst plus second solvation shell, respectively, and an even-
basis sets thereafter used in the QM/MM MD simulations, tual transition region beyond these shells.
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3. Analysis of trajectories The visualisation of the molecular movements stored in

the trajectories completes the instrumentarium available for
3.1. Radial and angular distribution functions and a very detailed and sophisticated analysis of the system'’s
coordination number distributions dynamics, including the mechanisms of ligand exchange,

temporary distortions of complex species and formation of

After equilibration of the system, the history of all supramolecular structures.
particle movements and their velocities are collected for
the whole simulation. These trajectory files (of the size of 3.3. Liguid water as crucial test case for the methods
several gigabytes for a few picoseconds of simulation) allow
on the one hand to evaluate a time-averaged picture of the As the analytical capabilities of QM/MM MD simula-
structures present in solution, on the other hand — with the tions exceed in many cases the limits of present experimental
help of a suitable software tbe a detailed presentation of techniques and, therefore, supply data not yet confirmable
the dynamical processes occurring in the time evolution, i.e. by measurements, careful tests of the employed methodical
the femto- and picosecond dynamics of the system. framework are mandatory to assess the reliability of its pre-

All types of radial distribution functions (RDF) between dictions. In the case of QM/MM simulations, many exper-
any pair of atoms and molecules can be evaluated separatelymentally accessible structural and thermodynamic data of
and utilised for a very detailed analysis of the structural fea- solvated ions have been reproduced within the methodical
tures of aliquid or solution. This separate evaluation is one of limits [46,47] and in some cases, where the agreement was
the main advantages of simulations, as it can be achieved onlyless favourable, the analysis of the simulations has provided
to a limited extent by experimental techniques, e.g. by iso- strong hints that the model used for the interpretation of the
tope substitution in neutron diffraction spectroscopy, NDIS measured data has to be refined (vide infra).
[4]. In addition to radial distributions, angular distribution Liquid water represents the most suitable and crucial test
functions (ADF) complement the structural details of solvate case for the quality of the simulation framework, as a vast
and surrounding solvent. Coordination numbers varying in amount of experimental data is available, in particular most
time can be analysed in the form of coordination number dis- recent laser pulse spectroscopic data for the picosecond
tributions (CND), which reflect the percentual occurrence of dynamics of this liquid[16] as well as combined X-ray
the various ion complexes in solution, and the structure of and Raman investigations of its molecular struct[48].
these species can again be subjected to separate geometigxtensive QM/MM MD simulations for pure water have
analyses, thus surpassing by far any present spectroscopibeen performed, therefore, at various levels of theory,
capabilities. and the results of comparisons with experiment are very
encouraging concerning the HF level of thep49]. On the
other hand, they confirmed the inadequacy of DFT methods,
which predict a much too rigid geometry and by far too long
MRT values[49]. Simulations at the MP/2 level of theory
have indicated that the inclusion of electron correlation can
still improve the results, but only if at least two coordination
shells around a central water molecule are included in the QM
region[49]. This extension to two shells could be realised so
far only at HF level, but with very satisfactory results: A main
structural unit, in which water dominantly forms two strong
- . . hydrogen bonds with an average lifetime of 0.35 ps was pre-
tain ligand exchange rate constaps], and with a sitable dicted. The same structural unit was found by the most recent

algorithm[45] mean residence times (MRT) of ligands in a . L
given coordination sphere can be determined from the tra- _experlment:{;48] andthe average lifetime of a hydrogen bond

> . e in liquid water measured by femtosecond laser pulse spec-
jectories. The latter, socalled ‘dirct’ method accounts all ex- .

; ) . . . troscopy was reported as 0.5@$]. On the basis of these
change events in the course of a simulation with a duration of

B : . . . agreements, the data for solvated ions can be entrusted, espe-
t > t*. The mean residence time of aligand is then calculated . L L .
cially, as in ion solvates much stronger binding occurs than in

3.2. Dynamical data: spectra, exchange rates and mean
residence times

The main advantage of MD simulations compared to the
MC technique is the possibility to obtain time-dependent data
and thus a detailed picture of the ‘real time’ dynamics in a
liquid system. From the velocity autocorrelation functions
(VACF) rotational and vibrational spectra can be obtained
by Fourier transformatiofd2,43], from RDFs one can ob-

as. water, thus making the influence of correlation energy a minor
fsim - CNay factor[50,51] The structural data obtained by the ab initio
T=—-

Nex (4) QM/MM MD simulations at different level of theory and
the corresponding MRT values obtained fér= 0 (for de-
wheretsin is the simulation time, Cj is the average coordi-  termination of H-bond life time) and = 0.5 (to obtain real
nation number of the respective shell a¥gk is the number  exchange processes of neighbour molecules) are presented in
of accounted exchange events. The most suitable valug& for Table 1 A video clip in the supplementary materials shows
was resulted as 0.5 p$5] corresponding to the mean lifetime  the dynamics of liquid water with its continuous H-bond
of H-bonds in watef16]. forming and breaking.
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Table 1

Maximary of the O—O radial distribution function iA, average coordina- 60 sl

tion numbers CN and mean residence tim&s ps of pure watef49] O Csi
m?  rm? CNayi®  CNayo”  13%° fg;sznf 401

H,0O-1shell-HF 297 4.4 4.9 21.2 1.6 2.4 5

H.O-1shel-MP2 2.87 47 47 22.8 25 24 or

H,0-2shells-HF  2.92 4 4.2 19.3 1.5 1.7 H H 0

a First and second peak maximum of the O—O-RDF. 0 T 6 8 10 12

b First and second shell coordination number.
¢ First and second shell mean residence tirhes 0.5 ps. . . .
d No distinct maximum oberservable. ]

60
-D Ba(ll)
4. Main group metal ions = -
g 40
Table 2lists characteristic structural data, the average co- &
ordination numbers and the mean residence times of water 20r
ligands in the first and second hydration shell of several main — -
. 0 - : : - :
group metal ions. 4 6 8 10 12

Most of these ions (except Mg(ll), Pb(ll) and the trivalent
ions) exchange first shell ligands within the picosecond o '
scale, some of them nearly as fast or even faster than I Pb(Il)
coordination changes take place in pure water (K(I), Rb(l),
Cs(1)). This phenomenon will be discussed separately in the
section on ‘structure breaking ions’. The second hydration
shell is very labile in all cases, even the trivalent small
Al(Ill) ion exchanges a ligand in this shell on average every . _ ﬂ ‘ ﬂ L
26 ps. A consequence of the rapid exchange rates are average 4 6 8 10
coordination numbers composed of more than one species Coordination Number
in all hy_drates eX(':ept. those of the afor,ementloned,lons with Fig. 2. Firstshell coordination number distributions obtained from QM/MM
stable first coordination shell. The existence of differently mp simulations of Cs(1), Ba(il) and Pb(ll) in water.
coordinated hydrates within picoseconds, i.e. almost simul-
taneously, makes the structure very flexible and thus the hydrates). Sn(ll) and Pb(ll), however, show an unexpected
reaction of these ions with other ligands extremely easy. increase of the ligand stability for the heavier ion, reflected

Most of the trends observed from lighter to heavier in the MRT values[9]. A more detailed analysis of the
ions within the same group reflect the expected behaviour dynamics of hydrated Pb(ll) shows strong distortions, which
(increasing coordination number, decreasing stability of the occur in a concerted way involving only some of the ligands,

and thus rarely pushing one of the first shell ligands into
Table 2 a position to leave this shdlb1]. This ion, for which only
Maximary of the lon—O radial distribution functions i, average coordi- very few experimental data are available, deserves further
nation_numbers CN and mean residence timigsps of several main group studies, therefore. The ion—ligand distances are basically in
metal ions good agreement with experimental values from diffraction
studies, as far as they are availalpfe9]. The broadness

40|

20 -

12

rmi® mv2® CNawt® CNav2® 19%° 735.4° Reference

L) 195 - 4.2 - - - [52] of the first peaks in the corresponding RDFs and the rapid
Na() 233 - 5.4 - 2.4 - [53] ligand exchange leading to varying coordination fif. 2)
K@ 281 - 83 - 2.0 - B3 numbers make clear, however, that these distances and the
Rb() — 2.95 - 71 B 20 - 5489 underlying structures can only be averaged values with a
Cs() 325 - 7.8 - 15 - [50] . e :
broad statistical deviation. The consequences of this for
Mg(ll) 2.03 4.12 6.0 183 - - [ experimental studies will be discussed later.
Ca(ll) 246 478 76 19.1 426 4 [5645]
Sr(l) 270 50 9.0 204 ~40 52 [54]
Ba(ll) 2.86 50 9.3 235 55 1 [57]
All) 186 473 6.0 12.2 3 28 [58,54] 5. First-row transition metal ions
Ga(lll) 1.96 43 6.0 13.6 - - 54
5.1. General features
Sn(l) 251 49 80 23.7 9.0 B [54]
Pb(l) 260 50 9.0 24.3 - B [51,54] ) ) _ ) .
@ First and second peak maximum of the lon—O-RDF. A_number of di- and tr_lv_a_lent ions of this series _have been
b First and second shell coordination number. studied by means of ab initio QM/MM MD simulations, and

¢ First and second shell mean residence tirhe: 0.5 ps. some of the results are collectedTiable 3
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Table 3

Maximary of the lon—O radial distribution functions i, average coordination numbers CN and mean residence titingss of several first-row transition
metal ions

v vz CNay1? CNay,2° rfj'inf Reference

V(N 2.23 4.4 6.0 15.8 75 [32,45]
Mn(11) 2.25 4.4 6.0 15.9 6.8 (32,45
Fe(ll) 2.10 45 6.0 12.4 5.4 [59,45]
co(ll) 2.17 4.6 6.0 15.9 6.8 [60,45]
Ni(ll) 2.12 45 6.0 13.7 6.3 [61,54]
cu(ll) 2.03/2.15/2.30 4.22 6.0 127 7.7 [62]

zn(lly 2.15 45 6.0 14.7 105 [54]

Ti(lm) 2.03/1.99/2.06/2.12/2.14 4.2 6.0 11.0 37 [63]

cr(inn 1.92 4.4 6.0 15.4 75 [64,45]
Co(lll) 1.97 4.3 6.0 15.2 11.0 [65,45]
Fe(lll) 2.02 4.3 6.0 13.4 19.8 [59,45]

a First and second peak maximum of the lon—-O-RDF.
b First and second shell coordination number.
¢ Second shell mean residence time= 0.5 ps.

The collected data show at once a very characteristic distortions occurring on the femtosecond scale and overlying
common feature of all ions, namely the exclusive first-shell picosecond phenomen#®2,67] leading to a number of
coordination of six ligands without observable exchange quite different structures visible from the splitted first RDF
within the simulation time of 20-30 ps. Although the first peaks as well as the associated vibrational sp¢éfja The
shell coordination number remains constant, remarkable dis-Jahn—Teller effect is known to enhance the exchange rate of
tortions of the octahedral hydrate structure occur frequently, ligands by orders of magnitude compared to other transition
even for trivalent ions such as Cr(lll) with its very stable metaliond3] butforthe hydrates it still lies beyond the range
first shell[64]. Any theoretical treatment assuming a rigid observable by the QM/MM simulations. Other ligands can
first hydration shel[66] appears unjustified, therefore. The change this, as will be seen later. Methodical investigations
size of the second hydration shell varies between 13 andwithin the QM/MM formalism have shown that for the
16, indicating that the majority of these ligands are directly Jahn-Teller distorted ions the inclusion of two hydration
hydrogen-bonded to the first shell ligands. Mean residenceshells is required for an accurate reproduction of experimen-
times of second shell ligands are also quite similar, lying tal data, thus leading to a much higher computational effort
between 5 and 10 ps for divalent ions. For the triply charged [62]. This expansion of the QM region at Hartree—Fock level
ions, they vary over a wider scale. Generally, the transition seems even more important than the inclusion of electron
metal ions can be considered as forming rather similar hy- correlation, as demonstrated with the help of an MP/2-level
drates, with the exception of Cu(ll) and Ti(lll), for which the  simulation of hydrated Cu(l1)68]. Table 4lists the results
Jahn-Teller effect induces significant changes in structure obtained at various levels of theory, and for the discussions

and dynamics, thus deserving a separate discussion. in this section, the values obtained from the two-shell
HF-level simulations have been considered as reference
5.2. Jahn—Teller distorted ions data.

The Jahn-Teller acceleration of the first shell exchange

The geometrical distortions due to the dynamical Jahn rate is not reflected in MRT values of the second shell,
Teller effect in solution are clearly reflected in the ligand in contrary, second shell MRTs of Cu(ll) and Ti(lll) are
distances of Cu(ll) and Ti(lll). It has been shown that this the largest ones within the groups of di- and trivalent

effect is of a very complex nature, with variations of the ions, respectively. At the same time, average second shell

Table 4

Maximary of the lon—O radial distribution functions iA, average coordination numbers CN and mean residence timegs of Jahn-Teller distorted
transition metal ions

M1 M2 CNay1? CNay2? rg-gndc Reference
Cu-1shell-HF 2.07/2.2 4.6 6.0 11.7 8 [67,45]
Cu-1shell-MP2 2.07/2.35/2.5 4.6 6.0 10.4 10 [68]
Cu-2shells-HF 2.03/2.15/2.3 4.2 6.0 12.7 3 [62]
Ti-1shell-HF 2.08/2.11/2.15 4.7) 6.0 (8.0) - [63]
Ti-2shells-HF 2.03/1.99/2.06/ 4.2 6.0 11.0 37

2.12/2.14 [63]

a First and second peak maximum of the lon—-O-RDF.
b First and second shell coordination number.
¢ Second shell mean residence tinfe= 0.5 ps.
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coordination numbers of the Jahn—Teller distorted ions areto the ‘structure-breaking’ ions, but for somewhat different
smaller than for other comparable ions. The importance of ge-reasons. Ag(l) is characterised by fast changes between 3
ometrical distortions of complex geometries for the exchange and 6 ligands in the first shelf1], and the easy removal
dynamics, induced by the Jahn—Teller effect in combination of first shell ligands upon binding of other ligands, which in
with the binding of other ligands will be addressed further in the case of Au(l) can even lead to a complete removal of the
Section 10 first hydration shell (vide infreSection 1(. The comparison
of Ba(ll) and Pb(ll) demonstrates the strong influence of
the inner electrons and of electrons remaining in the valence
6. Heavy metal ions shell of an ion within the same period on the stability of a
hydration shell: second shell ligands of Pb(ll) exchange at
The definition of ‘heavy metal’ in chemistry is by far the same rate as first shell ligands of Ba(ll), and the first
not so homogeneous as in the music genre of the sameshell of Pb(Il) is much more stable than that of other metal
name. Mostly it refers to metals of high order number, jons of comparable atomic number in the investigated series.
belonging to the groups of second row transition metals, lan- La(lll)-water exchange rates have apparently been underes-
thanides/actinides or to the 5th and 6th period of main group timated in the past. Although the sampling of such processes
metals. Mostly they do not have any biological relevance, but in the simulations performed to date is still very poor, it can be
rather display toxic effects in living organisms, whichinafew estimated that the MRT of water in the immediate surround-
cases can be used for therapeutic pharmacological purposegg of La(lll) is clearly below the nanosecond range expected
[69]. From the viewpoint of quantum chemistry, they are [10] (Table 5.
characterised by the importance of relativistic effects, which
in all ab initio QM/MM simulations have been taken into
account by the use of relativistically corrected effective core 7. Labile solvates
potentials (ECP) in combination with ECP-optimised basis
setg[70]. Table 5lists the characteristic data of the examples ‘Labile’ solvates can be used as a term for all solvated
studied, and although far from any completeness, the com-ions, whose ligand exchange occurs at rates b3, thus
parison of these data allows a few conclusions about specificcreating an almost simultaneous presence of several solvate
properties being displayed by such ‘heavy metal’ ions in species with different coordination numbers and hence
water. structures. This behaviour evidently has consequences for
Common characteristics are the rather labile first any model attemptingto describe reaction mechanisms of the
hydration shell, reflected in wider coordination number ionin solution, and on the interpretation of any spectroscopic
distributions (examples iRig. 1) and short ligand life times  data obtained from solutions of such ions. According to this
in this shell, beyond measurability with present experimen- definition and the data collected ifables 2 3 and 5 all
tal techniques. Second shell MRTs are extremely short, alkali ions, all alkaline earth metal ions above Mg(ll), and
underlining the rapid structural changes in the surroundings most of the ‘heavy metal’ ions have to be termed ‘labile’
of these ions in solution. Exceptions from this rule are only (c.f. Table §. Within this group, however, one observes still
Cd(ll) — being the lightest example among the investigated major differences of lability, as the comparison of Na(l) and
ions — and Pb(ll), which has been discussed already in K(l) illustrates quite well, with its transition from ‘structure-
Section 4as being a particular case. forming’to ‘structure-breaking’ properties (video clip in sup-
The extremely fast ligand exchange rates in first and sec-plementary materials). The degree of lability of a hydration
ond shell of Cs(l) cause a strong ‘structure-breaking’ effect, shell is not only an important factor determining the reactiv-
which will be discussed irBection 8 Au(l) also belongs ity of ions in solution via the speed of any ligand exchange, it

Table 5
Maximary of the lon—O radial distribution functions i, average coordination numbers CN and mean residence tiingss of several heavy metal ions
rmi? M2 CNgy 1° CNay2° 55° rg-152nd° Reference
Cs(l) 3.25 5.2 7.8 20 5 1.3 [50]
Ag(l) 2.6 4.6 54 17.8 5 2.6 [71,45]
Au(l) 245 4.9 4.7 33 3 4.6 [72,45]
Ba(ll) 2.86 5.0 9.3 235 5 1.7 [57]
Pb(11) 2.60 5.0 9.0 243 - 5.6 [51,54]
Cd(ln 2.33 4.8 6.0 11.7 - 4.6 [73,45]
Hg(Il) 2.42 4.6 6.2 21.7 28 4.8 [69,45]
La(llr) 2.67 4.9 9.2 ~90 232 7.4 [54]

a First and second peak maximum of the lon—-O-RDF.
b First and second shell coordination number.
¢ First and Second shell mean residence time; 0.5 ps.
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Table 6
Maximary of the lon—O radial distribution functions i, average coordination numbers CN and mean residence tiingss of several labile ions
rm® rm2® CNay1? CNay2? 5 oo’ Reference

Ag(l) 2.6 4.6 5.4 17.8 55 2.6 [71,45]
Au(l) 2.45 4.9 4.7 33 3.1 4.6 [72,45]
Ca(ll) 2.46 4.78 7.6 19.1 42.6 4.4 [56,45]
Sr(Il) 2.70 5.0 9.0 20.4 ~40 5.2 [54]

Ba(ll) 2.86 5.0 9.3 235 55 1.7 [57]

Hg(ll) 2.42 4.6 6.2 21.7 23.6 4.8 [69,45]

a First and second peak maximum of the lon—-O-RDF.
b First and second shell coordination number.
¢ First and second shell mean residence tirhe; 0.5 ps.

also determines the ability of ions to abandon their hydration which is usually explained by the large space occupied in
shell in order to enter specific channels for these ions in the solvent by such ions, in connection with a weak ligand
membrane§s3]. Thus, a number of biological processes are binding. The investigation of hydrated ions by means of ab
directly or indirectly related to the ultrafast dynamics of ions initio QM/MM MD simulations basically supports this char-
in aqueous environment, which have only become accessibleacterisation, but supplies a much more differentiated picture
through the accuracy of ab initio QM/MM simulations. of the ‘structure-breaking’ effect.

The fact that a large number of the hydrated ions  Within the series of alkali metal ions, Li(l) and Na(l)
belongs to the class of ‘labile’ solvates has doubtlessly to still display a rather well-ordered structure of their hydra-
be considered in the interpretation (or re-interpretation) of tion shell. K(l), however, looses first-shell ligands quite
spectroscopic data in the course of structural investigationsfrequently, thus repeatedly remaining in lower coordination
of such ions in solution and in the discussion of ligand state for some time and not displaying any specific geometri-
exchange mechanism reaction mechanisms. The fitting ofcal order of this shell. Together with its extremely short MRT
X-ray or neutron diffraction data would have to take into
account the fact that a mixture of species with different
coordination and structure is present, and that fitting to a
single model structure can be a serious source of error for the
determination of ‘real’ bond lengths and angles. At the same
time, models for reaction mechanisms, which are usually
classified as ‘associative’, ‘dissociative’ and ‘interchange’
[10], appear too simplistic for the complicated dynamics of
solvated ions. Therefore, also in this case a re-interpretation
of measurable quantities such as the activation volume of , ‘ , , :
ligand exchange reactiofi®)] appears desirable. The visual- 0 5 10 15 20 25 30
isation of the trajectories of sufficiently accurate simulations 5]
is a helpful tool not only for the illustration of the exchange
dynamics, but — in combination with ion—ligand distance
plots as exemplified ifrig. 3— also an instrument to classify
reaction mechanisms in a more detailed way. Therefore,
a specific visualisation tool for such trajectories has been
developed recently74], which has been utilised for the
production of the video clips supplied as supporting material 2
for this paper and for several other data evaluations such as
MRT values.

Ca-O Distance [A]
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8. Structure breaking ions

Sn-O Distance [A]

Among the ‘labile’ ions discussed in the previous sec-
tion, some exhibit a specific property, which has been termed . ; . . :
‘structure-breaking’ several decades ago on the basis of NMR ° 5 w1 20 28 %0

. . . Simulation Time [ps]
measurementg5], showing that relaxation times of water
molecules hear these ions are shorter than in Fhe pure solxig. 3. Distance plots of water molecules showing water exchange processes
vent. Cs(l) is the most ‘prominent’ example for this property, within the time scale of the QM/MM MD simulation.
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Fig. 4. Snapshots of the QM/MM MD simulations of hydrated Au(l) and Cs(l).

value the over-all effect is a strong perturbation of the solvent Table 7 .

structure without formation of any new order. This effect Maximary of the lon—O radial distribution functions i, average coordi-
nation numbers CN and mean residence timiegs of ‘structure breaking’

becomes more.pronou'nce.d for Rb(l) and Cs(l), Whgre (.jueionS

to the weaker ligand binding smaller average coordination

numbers result. Any estimated second shell coordination rn® w2® CNaa® CNavz® 753 155" Reference
numbers for alkali ions except Li(l) are rather an indication K() 281 - 8.3 - 2.0 - (53]

of the number of bulk molecules affected by the presence of R() 295 - 7.1 - 20 - [5489]
the hydrated ion than of a real structural entity. A common (B:ZEH) 23.'822’ 50 ;:2 235 255 17 Eg}
feature of the ‘structure breakers’ K()-Cs(l) seems a first aqqy 26 46 54 17.8 55 26  [71,45]
shell coordination number of 7-8 and first shell MRT values Au(l) 245 49 47 33 31 46  [72,45]
similar or below that of pure water, corresponding to the 2 First and second peak maximum of the lon—O-RDF.
experimentally observed reduced relaxation tirf$ds b First and second shell coordination number.

Inspection of the solvation structure and dynamics of the ~ © Firstand second shell mean residence tirhes 0.5ps.
other ions studied here reveals yet another possible type of
‘structure-breaking’ effect, exemplified by hydrated Au(l).
This ion has a much lower®) average first-shell coordina-
tion number, but an excessively large second hydration shell In order to obtain some information about similarities

(=30), which is more tightly bound than the same shell in and differences of ion coordination and dynamics upon

the case of the heavier alkali 'metal ions. The exchange be'change of the solvent, a few ions have been investigated by
tween first and second shell ligands is even faster than that

o ab initio QM/MM MD simulations with liquid ammonia
between second shell and bulk, thus stabilising a very large 5 oyent. The main data from these simulations are
entity in the solqtlon structuréig. 4a and b shows snapshot - ¢ ecteq inTable 8 For the first-row transition metal ions,
pictures of the different structures of Cs(l) and Au(l) respon- 5, ctahedral arrangement with six ligands is observed as
s!ble for. bOFh types of the. structurg-brgakmg effect, z?lnd the in the case of water, with M(ll)-ligand distances slightly
video clips in the supporting materials illustrate the different
dynamical behaviour of these two ions.

Finally, it should be mentioned that some other ions can Taple 8
produce a similar ‘structure-breaking’ effect, at least con- Maximary of the lon-N radial distribution functions i, average coor-
cerning the reorientational speed of solvent molecules, duedination numbers CN and mean residence timés ps in pure ammonia
to their rapid second shell/bulk exchange rates, reflected inS|ton

9. Ions in liquid ammonia

very short MRT values of the second shell. Their second shell mmi® 2 CNawa® CNay2® 73548 755.,° Reference
is stable and distinct enough to create a larger spatial entity cz+ 2.22 48 6.0 16.6 - 28 [76]
within the solvent structure, but at the same time exchange Ni#*  2.17 49 6.0 23.6 - 3.0 [54]
of ligands in this shell is so fast that perturbing effects will EUT 2-22’2-17 :g’ 5-38 2263-5 32 1352 gg}

. . . . g . . . p—
be realised in its environment. Ba(ll) and Ag(l) can serve At 215 o 2 >7 - 71 {9

as examples for this effect. [fable 7 the properties of the
‘structure breakers’ have been collected for a better compa-
rability.

a First and second peak maximum of the lon—-N-RDF.
b First and second shell coordination number.
¢ First and second shell mean residence tire; 0.5 ps.
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higher than in water. Quite striking is the difference in the QM/MM MD simulations are again a quite powerful tool to
ligand exchange rate of the remarkably Jahn—Teller distortedstudy changes in coordination, structure and dynamics in-
Cu(ll)-ammonia complex, where the mean residence time duced by such heteroligands. Two different approaches have
of a first-shell ligand is now situated in the picosecond been taken to describe these effects. In the first one, ammonia
range. In the second shell, both Cu(ll) and Ni(ll) exchange ligands known to form a very stable bond to some transition
ligands very rapidly, whereas Co(ll) retains the ligands metal ions have been attached to these ions in increasing
about 10 times longer in its relatively smaller second number, studying the exchange of water ligands in the mod-
shell. ified solvation shells. The main results of these studies are
Silver ion clearly shows a higher affinity to ammoniathan summarised infable 9 In the case of the Jahn-Teller dis-
to water, forming a very stable first shell with four ligands torted ion Cu(ll) with its faster exchange rate in comparison
and a large second shell with a much larger MRT value than to other divalent transition metal ions, the effect of the het-
in water (double the value of first shell ligands in water!). The eroligand becomes visible already after the binding of just
behaviour of Au(l) is very similar, but in this case the stable one such ligand: The mean residence time for the remain-
inner complex is formed with only two ammonia molecules ing five water ligands is reduced by at least one order of
in a fairly linear N . .Au. . .N arrangement. The second shell magnitude, from the estimated 1 ns for the hexahydrate to a
is very large, with ligands exchanging again slower than their value slightly above 100 ps. Binding of a second \ig-
analogues in water. and enhances this effect by a factor of 1.5-3.3, depending on
From these few examples, general principles cannot bewhether the second ligand is locatectin or trans position
concluded. It seems, however, that the differences are mainlyto the first one. In the case of the Ni(ll) hydrate with its much
determined by the individual binding strength ofthe ammonia slower exchange rate, this shift of mean residence times into
molecules to the ions compared to water (or, more generally, the picosecond range observable by the simulations becomes
the ion—N versus the ion—O bond strength), but that steric fac- visible only after the binding of three NHigands, reaching
tors and particular stabilisations of lower-coordinated species27 and 16 ps for the triammine and tetrammine complexes,
can provoke surprising changes in the solvation of metal ions. respectively.
In the light of these findings it appeared of particular interest ~ These results have some important implications for the
to investigate the influence of heteroligands (i.e. other ligands reaction dynamics of such ions in biological complexes. The
than water) in aqueous solution and the behaviour of ions in binding of the metal ion to nitrogen binding sites apparently
mixed solvents. facilitates a rapid exchange of water (and possibly other
O-coordinated ligands), thus allowing important enzymatic
reactions to proceed at a faster pace. This indication cer-

10. Ions with different ligands and ions in mixed tainly deserves further studies with a variety of other ligands
solvents mimicking the binding sites in biologically relevant metal
complexes.

Exchange of water ligands by heteroligands and/or the In the second approach, simulations were performed for
competition of different ligands in binding to an ion are ions in 18.5% aqueous ammonia solution, in order to ob-
not only the basis for the frequently observed and occasion-serve preferential solvation phenomena and the formation of
ally practically applied phenomenon of preferential solva- equilibrium species with mixed ligandEable 10summarises
tion, they also serve as a useful model for the reactivity of some of the results of these investigations.
metal ion complexes with different coordination sites, e.g. In the case of the main group metal ions Li(l), Na(l),
O and N binding sites. For such model systems, ab initio Mg(ll) and Ca(ll) various complex species with different

Table 9
Maximary of the lon—O radial distribution functions i, average coordination numbers CN and mean residence tinmegs of several amine complexes
transition metal ions

m? m2? CNay1? CNay2? 193° 05 C Reference
Cu-1NH; 2.13 4.6 5.1 12.9 115 21 [12]
Cu—2NHj(cis) 2.13(3.12) 4.6 4.4 14.0 75 21 [12]
Cu—2NH(rrans) 2.28(3.07) 4.8 4.6 14.1 35 20 [12]
Ni—1NH3 2.12 45 5.0 19.3 - 1 [54,86]
Ni—2NH(cis) 2.17 4.6 3.9 26.4 - ) [54,86]
Ni—2NHs(trans) 2.18 4.6 4.0 24.3 - k] [54,86]
Ni—3NH3 2.27 4.7 29 28.0 27 b [54,86]
Ni—4NHs 2.22 42 1.9 34.0 16 10 [54,86]

a First and second peak maximum of the lon—-O-RDF.
b First and second shell coordination number.
¢ First and second shell mean residence tirhe; 0.5 ps.
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Table 10

Maximary of the lon—-O and lon—N radial distribution functionszmaverage coordination numbers CN and mean residence tifngss of cations in mixed
electrolyte solutions

r1H,0% raH0° CNiny0°© CNzn,0° FINH," raNHs” CNinpg© CNanhg© Reference
Li+ 1.94 - 31 - 2.08 - 1.0 - [80]
Na* 2.30 — 3.7 — 241 - 1.8 - [81]
Mg2+ 2.16 4.07 5.0 153 2.16 413 1.0 5.7 [82]
cat 2.44 4.53 5.2 19.7 2.64 4.54 2.0 4.9 [83]
Ag* 2.4 - 2.0 - 27 - 38 - [54]
Aut - 3.9 — 26.1 2.13 59 2.0 5.3 [54]

2 First and second peak maximum of the lon—-O-RDF.
b First and second peak maximum of the lon—N-RDF.
¢ First and second shell water and ammonia coordination number.
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Fig. 5. Snapshot of the QM/MM MD simulations of Ca(ll) in mixed electrolyte solution (left picture) and all corresponding RDFs (right picture).

coordination and thus structure are interchanging within the make the solution a very complex system. Any detailed
picosecond rangfB0-83] whereas Ag(l) and Au(l) both  experimental analysis of such systems without the help of
form very stable diammine complexes associated with a theoretical instruments appears rather impossible, therefore.
rather labile outer hydration sphegst]. A simple diagram of the RDFs of atom—atom pairs, which
The preference for either water or ammonia ligands is in contain the averaged distances encountered — and thus mea-
fair agreement with the concept of ‘hard’ and ‘soft’ Lewis sured by diffraction methods —for Ca(ll) inagqueous ammonia
acids, preferring bases of the same quality: the *harder’ Li(l) (Fig. 5 immediately shows the ambiguity of a not-resolved
and Mg(Il) bind ammonia ligands (N/O ratio of 0.25and 0.20, overlay of all these curves, and this averaged diagram does
respectively) much less, compared to the ‘softer’ Na(l) and not yet take into account all the dynamical effects, leading
Ca(ll) with N/O ratio of 0.49 and 0.44, respectively, whichis to continuously changing coordinations, compositions and
clearly above the statistical ratio of the 18.5% aqueous am- structures of species (video clip in supporting materials).
monia solution and hence a good example for a preferential
solvation phenomenon.
Ag(l) demonstrates this phenomenon even much more by 11, Conclusions for future theoretical and
aratio of 1.9 in favour of ammonia ligands, and Au(l) finally = experimental work
does not bind water molecules directly but uses them only

to solvate its diammine complex at larger distances with a  The list of simulations of solvated metal ions presented

second shell. here — although representing a total amount of about 25 years
The fractional coordination numbers for the solvate com- of computing time — is at the best an exemplifying selection
positions prove that a number of different species contribute of a large amount of investigations worthwhile to be under-

to these average values. The coordination number distribu-taken in the future by the tools ab initio QM/MM simulations
tion plots for these ions in agueous ammonia in the referencesprovide for the study of ions’ reactivity and behaviour in
[80-82]illustrate that the number of these species is large, solution, and further in complex chemistry and biochem-
and thus numerous simultaneously present solvate structuresstry. The general perspectives for the future work are quite
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favourable, however, considering Moore’s law that available [6] R. Akesson, L.G.M. Pettersson, M. Sandstr, P.E.M. Siegbahn, U.
computing speed and capacity doubles every 12—18 months,  Wahigren, J. Phys. Chem. 97 (15) (1993) 3765.
while its price is constantly decreasing. In addition, method- [/ R. Akesson, L.G.M. Pettersson, M. Sandsir, U. Wahigren, J. Am.
ical developments in quantum chemical calculation methods ., Shem- Sec. 116 (19) (1994) 8705. =

. . A, . : [8] R. Akesson, L.G.M. Pettersson, M. Sandsir, U. Wahlgren, J. Am.
show some promising signs indicating more rapid algorithms Chem. Soc. 116 (19) (1994) 8691.
to become availabl84]. This development will soon allow [9] H. Ohtaki, T. Radnai, Chem. Rev. 93 (3) (1993) 1157.
further methodical improvements to be implemented in the [10] L. Helm, A.E. Merbach, Coord. Chem. Rev. 187 (1999) 151.
QM/MM MD formalism, in particular a routinely included 111 ?6";- Rode, C.F. Schwenk, A. Tongraar, J. Mol. Lig. 110 (2004)
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associated rate constants. In the latter case, theoretica[23] T-Kerdcharoen, K.R. Liedl, B.M. Rode, Chem. Phys. 211 (1996) 313.

investigations may still be the only instrument to obtain

reliable data for ultrafast reactions below the nanosecond
range, but it is hoped that the development of laser pulse
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catch up to close this gap in the near future.
The important field of more concentrated solutions,

where a number of cations and anions are present, is still

not within the reach of ab initio QM/MM simulations and
will remain, therefore, a domain of classical simulations
and experimental work for quite some time to come. The

results for single ions and their complexes accessible by the

QM/MM formalism should prove helpful, however, to de-

velop better potential functions for the classical simulations,

thus supporting progress in this field as well.
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