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The C@#" hydration shell structure has been studied by a combined ab initio quantum mechanical/molecular
mechanical (QM/MM) Monte Carlo simulation, in which the ion and its first hydration sphere are treated at
the Born—Oppenheimer ab initio quantum mechanical level, while classical pair and three-body potentials
are employed for the remaining system. Whereas traditional simulations based on MM potentials are not able
to predict higher-body effects such as the Jahaller (JT) distorted octahedral structure of the first hydration
shell of C#t, the combined QM/MM approach reproduces correctly this experimentally confirmed property
and delivers more accurate hydration energy values as well.

1. Introduction To describe am-body system exactly, the intermolecular
interactions have to be written as a sum of 2, 3, ..., uphbody

Because of its widespread and important role in condensedterms. Using the rather rough assumption of pairwise additive
phase chemistry and biochemistr§ numerous experimental  intermolecular potentials and thus neglecting many-body inter-
and theoreticat 14 investigations have focused on the structural actions, Monte Carlo simulations for some mono- and divalent
properties of hydrated cupric ion, €u The most powerful metal ions have led to structural results in agreement with those
experimental methods for structural elucidation are X<rayd achieved experimentalB?27 In most cases concerning small
neutron diffraction, together with NMR and quasielastic neutron monovalent, divalent, and trivalent ions, however, this simpli-
scatteringt®-18 Such studies on various copper(ll) salts have fication results in wrong structural properties of the solvate and
provided considerable insight into the surroundings of'Cn errors in energies of £015%. Consequently, even rough data
waterl9-2! There is strong experimental evidence for a JT as first-shell coordination numbers are predicted much higher
distortion of the hexaaquo complex which is best representedthan found by experiment, as for example in the case ofLi
by a model where two bonds are elongated, leading to a Na",?or K*,29 Be?* 3031 Fe?t 32 Fe 33 Nj2* 3435and Cd* 36738
tetragonal bipyramidal structure with four closer equatorial and In the latter case, ab initio studies of successive hydration have
two more distant axial ligands. indicated that three-body and even higher terms should be of
major importance to correctly characterize this ion in agqueous
solution33-39

The problem of the failure of pairwise additivity for cation
water potentials, especially for doubly and triply charged cations,
can be dealt with in several ways. To limit the computational
effort one approach is to define effective pair potentfaidhich
consider mean many-body effects to a certain extent in an
empirical way. For example, simulations performed with the
so-called “nearest neighbor ligand correction” (NNLC) algo-
rithm for aqueous solutions of Cug¥40.41Zn2+ 422 and ZnCH*3
include, in addition to pair potential terms, a three-body
correction term based on ab initio calculations. SCF-MO
computations at the Hartre€-ock level using ECP-DZP basis
sets were performed to describe the molecular energy surface
of the metal ion monohydrate interacting with another water

The experimental methods, however, quickly reach their
limits. Sophisticated modeling techniques and structural as-
sumptions required to interpret experimental data often lead to
contradictory results for ionic complex structures, particularly
ions such as Cd,?! display a more “labile” character of the
water ligands, which is attributed to the dynamics of the JT
effect as the “short” and “long” bonds in the [Cu®)e]%"
complex are changing in favor of water exchange at the more
distant axial sites. Hence, in aqueous solution the sohklgand
exchange rate is much faster foruhan for most other ions
of similar size and charge and has not yet been determined
unambiguously?2223\Water exchange rates not accessible to
experimental observation imply that only mean values of the
composition of the metal ion’s coordination shell can be derived.
However, the exact composition and distribution of all micro- molecule or the anion.
species could eventually be elucidated by means of computer A more rigorous and exact approach is to supplement the
simulations allowing identification of all distinct microspecies potential energy function to be employed in simulations with
present. higher-body terms. In several cases, three-body potentials,

The importance of considering the hydrogen bond network obtained from ab initio methods at the level specified above,
in water beyond the highly oriented primary and the less ordered have been found adequate to reproduce properly hydration
second solvation shell is supported by a recent gtudging numbersg®-33.35-3844-46 The cost and complexity of the calcula-
electrospray to generate gas-phase [GQ)H 2" clusters which tions and fitting procedures increase with the order ofthedy
implies that atn = 8 the most stable complex is formed, in terms to be determinétiby ab initio methods and they are,
contrast to the well-established view of a JT distorted hexaquo therefore, hardly feasible for larger systems andrger than
copper species in solution. 3.
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This dilemma has motivated the development of hybrid = fo (F)ER + (1 — foi (r))ER
models for combined QM/MM approacH&s’! in which a Eoumn = foulli)Equ + ( 5wl B
subsystem of particular interest, e.g. the solvation shell around < Ry=fsur) =1

a solute molecule is treated quantum mechanically, while the

environment consisting of solvent molecules is approximated Ryt — )Ryt + 21, — 3R,
by molecular mechanics potentials. These models are guided Ron = Ti = Ro = fswlri) = R.—RY

by the general idea that the chemical system may be partitioned Rott ~ Ron)

into a strongly interacting region which requires quantum r> Ry = fou(r) =0

mechanical treatment and a remainder where the weaker
interactions allow a classical MM description.

This approach has already been successfully employed within
the molecular dynamics and Monte Carlo schéwijth the
guantum subsystem described at the Hartfeack® or density
functional level of theory#5® Aqueous solutions of organic
molecule$$57 as well as ionic hydratioP?°%62 have been
treated by a combined QM/MM approach.

In the present work, a combined quantum mechanical and
molecular mechanics formalism has been developed and imple-
mented in a Monte Carlo simulation progr&min order to
investigate the importance of nonadditive terms for the hydration
of Cu?+. Within this approach an area of particular chemical
interest in the elementary box is defined as the QM area and
treated by ab initio calculations whenever a particle within its
boundary is moved. The remaining system contributes classically
by means of pair and three-body potentials to the overall system
energy. Especially designed to provide a quantitative prediction
of solvation phenomena, the QM area comprises the ion itself
and_all Iigands_bound within the first qoordingtion_ sphere. 3. Details of Calculation
Particular attention has to be paid to particles migrating across
the boundary between the QM and MM area. To achieve a All Monte Carlo simulations were carried out for the NVT
steady transition from quantum chemical to classical energy ensemble, consisting of one €uon and 399 water molecules
contributions, the relevant interactions have to be gradually in the periodic cube at a temperature of 298.16 K. A spherical
changed by a smoothing function. Since the force calculations cutoff of half of the box length was applied. Although the
required for molecular dynamics simulations consume roughly density was assumed to be the same as in pure water (0.997
3 times more CPU time than comparable energy calculations, g/cn?), the conditions of the system do not refer exactly to an
hybrid Monte Carlo approaches should be especially useful for infinitely dilute solution due to the applied periodic boundary
extracting structural and thermodynamical data at lower com- condition. The edge length of the box was 22.94 A. First, a

wherer; denotes the distance of mass of ligaficom the solute
molecule in the center of the spherical region treated by QM
methods, andksw(ri) is a smoothing functidit that ensures that
the energies change continuously at the boundaries of the
regions, thus being essential for proper energy conservation.

The full ab initio computation of the first shell particles at
HF level of accuracy leads to a substantial improvement
compared to the description by classical potentials only which
have been derived from ab initio calculations of comparable
quality. The quantum chemical treatment of the hydrated metal
ion does not only include all many-body effects within this
region but additionally avoids the errors inherent to the fitting
process of the analytical potential functions. For the study
presented here, the code of our Monte Carlo pro§tduams been
combined with an interface to the energy calculation routines
of the GAUSSIAN945 and GAUSSIAN98® programs, respec-
tively.

putational cost. classical simulation was performed using the following analyti-
cal potentials: for waterwater interactions the CF2 potenfial
2. Methodology was used as this water model appeared more appropriate than

the MCY® model for ion-water interaction&? a pair plus three-
body potential” has been employed to account for the copper-
(I) —water. The starting configuration was obtained by random
generation, and 3 million configurations were needed until the
system reached equilibrium. The sampling of another 3 million
configurations provided the reference data for the succeeding
~o o A computations.

where Hoy is the Hamiltonian of the QM regionHw The QM/MM Monte Carlo simulation was started from the
represents the interaction energy between solvent molecules iNresulting equilibrium configuration. The quantum chemical

the MM area andoumv the QM/MM interaction Hamiltonian 50y jations were carried out at the restricted open-shell Har-
which couples the solve_nj[ effects with QM calculations .and tree-Fock level, while the remaining system was treated by
ensures a smooth transition between QM and MM regions. o preyviously employed pair and three-body potentials. For
Having defined the effective Hamiltonian, the total energy at CL2™, basis set derived from Ahlrichs’ DZV basis $tas been
an instant_aneous configuratior_l sampled during a MC simulation used, modified in a TZ type fashion according to the authors’
is determined by the expectation value of the wave funobon  rocommendation to give a more balanced description of the ion’s
N 0 valence shells. The ECP-DZP basis set of Dunning and
Eiot = [@[Hex PL= Eqm + Equimm T Enm Huzinagd! was employed for water whose geometry was kept
rigid with an O—H distance of 0.9601 A and an+O—H angle
wherebyEQ,, refers to the energy of the particles in the QM of 104.47.72 Since the quantum mechanical energy calculations
sphere defined by the radi&&, andEuw is the MM force field are very demanding, the size of the corresponding sphere must
for interactions among the solvent molecules with larger not be too large, but certainly had to include the first hydration
distances thaRoi defined by the limit of the transition region.  shell. On the basis of previous classical Monte Carlo simula-
Eommm contains distance-dependent parts of the qagm as tions¥”.73and our reference simulation, the radRss was chosen
well as the MM E[,,Fﬁ,') energies assigned to the particles within to be 3.0 A, smoothing was applied within an interval of 0.2 A
the transition region: up to the outer boundary radifs; of 3.2 A. Ab initio energy

According to Warshel et & and in the formulation of Field
et al®° the combined QM/MM treatment involves a partitioning
of effective Hamiltonian of the system into three terms:

~ o A A
Her = HQM + HQM/MM + Hyum
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calculations were only performed when particles within the T
boundaries of the quantum mechanically treated sphere changed@
their position, thus reducing the computational effort drastically.

After generating 0.5 million configurations the system had
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reached energetic equilibrium. For the evaluation of structural *IRtDF C;{'O Lo
data, 3 million more configurations were generated and sampled ~ s QSE?J’Q ’ 8

every 800" step. The quantum mechanical calculations and the €
simulations were performed on a SGI Power Challenge work- =~ 6
station of the computer center of the University of Innsbruck. ©
Overall, 49.960 ab initio calculations had to be performed within

the framework of these simulations, requiring 256.6 days of 2
CPU time.
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4, Results and Discussion 11

4.1. Many-Body Interactions. The necessity of taking into

account three-body effects for &u-water interactions for 110

! —— RDF Cu-0
. . . . !
potentials has been pointed out in previous studfiégdthough b e Integration Cu-0 { o
/ - RDF Cu-H

the main contributions of these three-body effects are generatedg
within the first hydration shell, nonadditivity still plays a
significant role at farther distances than Rg value considered %,
here and is thus not negligible for an accurate description of 4
more subtle solvation effects. Between 85.0% and 95.4%
(average 91.7 1.3%) of the three-body energies are covered
by the quantum mechanical treatment of the first hydration shell
of the C#" ion. Accordingly, the potentials used for the
remaining system had to contain explicit three-body terms for
copperwater interactions up to distances of 6 A. Accordingly,
higher-body effects stabilize the [CufBl)s]?" species by an
average energy contribution of 22.2 kcal/mol, clearly revealing
the presence of many-body effects beyond three-body interac-
tions.

4.2. Structural and Thermodynamic Data. The structural  the second sphere, namely 14.5 second-shell ligands in contrast
data of the hydrated copper ion will be discussed in terms of to 19 found previousR/ and 18.3 in the course of the classical
radial density functions (RDFs) and coordination number, reference simulation. Apparently, the ab initio treatment of the
energy, and angular distributions. first hydration shell considerably influences the structure of the

The RDFs for copperoxygen and copperhydrogen, ob- second solvation sphere as well, leading to a more ideally

Integration Cu-H

A

T
4 5 6 7 8 9
Distance [A]

Figure 1. (a) Radial density functions and their running integration
numbers for the QM/MM simulation. (b) Radial density functions and
their running integration numbers for the simulation based on pair plus
three-body interaction potentials for the €uH,0 interaction.

o
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tained from the combined QM/MM and the corresponding MM
simulation, are shown in Figure 1 together with their running
integration numbers. In the QM/MM simulation, the first peak
of the C#t—0 RDF is centered at 2.08 A. The second peak of

ordered hydrogen-bond network between water molecules across
the first two hydration shells.

Figure 2 compares the actual species distribution of both
shells for the classical three-body MM and the QM/MM

this function related to the second hydration shell appears simulation. While the ligands of the first sphere solely reorient
between 3.3 and 4.9 A with a maximum value at 4.2 A, clearly in the course of the MC run without exchanging ligands with
separated from the first coordination sphere. Thé&'€td RDF the outer hydration shell, the water molecules occupying the
peaks at larger distances with respect to the correspondingsecond shell are less strongly bound to the ionic center and thus
oxygen peaks indicate that especially in the first shell the water more loosely organized, covering a wider range of possible
molecules are fairly well dipole-oriented to obey the dominant coordination numbers.
ion—water interactions with their oxygen atoms pointing to the ~ While the knowledge of first-shell characteristics has in-
ionic center. Compared to the corresponding results of the creased remarkably during the last 2 decd@é%comparable
classical MM simulations performed here and in earlier stdélies experimental data for the second coordination sphere is rather
employing three-body corrections, the following differences can scarce and usually limited to triple charged metal ithg?
be observed. The QM/MM simulation results in two distinctly = X-ray data for Cu(l1j*-8! indicate a second-shell maximum at
separated hydration shells which are more compact and shifted4.1—4.2 A and between 7.6 and 11.6 water molecules to be
to shorter distances than those of the MM simulation, where contained in this shell. While the experimentally determined
the first shell-peak is centered at 2.20 A and the second shelldistance is in good agreement with the results found in this
covers the range from 3.0 to 5.3. The most prominent changesstudy, the corresponding coordination numbers seem to be
occur in the second hydration shell which appears less diffuse considerably underestimated.
in the QM/MM than in the MM case. Both Gt—O RDF Ab initio studie$? predict the equatorial water molecules,
suggest the presence of a further, third hydration shell, indicating which are more strongly bonded and polarized, to form stronger
the central ion’s influence up to 8 A. hydrogen bonds than the axial water molecules, thus increasing
The mean coordination number obtained from the integration the JT distortion of the [Cu(kD)s]?" cluster in solution
of the Cu—O RDF up to its first minimum amounts to 6 for the compared to the gas phas¥.These cooperative asymmetry
first hydration shell in agreement with the reference and earlier effects from hydrogen bonds have been established experimen-
classical simulation studi€$ The combined QM/MM approach  tally by IR absorption spectroscopywith an average @—0O
leads, however, to deviating average coordination numbers forhydrogen bond distance of 2.74 A and ap©0 distance of
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Figure 2. Coordination number distributions of the hydratec®Cicomparing first and second shell for the QM/MM and the MM simulation.

2.88 A, but are also recognized from the symmetric Raman §+————— T T T T T T 178
stretching bands occurring at higher wavenumbers due to c G
stronger C& —OH, bonds compared with the other divalent 5 oM, - Cu_ - GoM, 15

; ' o . 2 . irst Shell
ions of the first transition period giving no rise to a JT First She

distortion1® The number of perturbed hydrogen bonds, as  “
obtained from the IR measurements, indicates the formation of
two hydrogen bonds per first-shell ligand, as is also expected o 3
from the simulation results presented here.
Jahn-Teller Effect.The full understanding of the JT effect 2r
in liquids, unlike in solid$?® still poses some conceptual
problems®* Experimental data related to the structure of the T
CU™ complex in aqueous electrolyte solutions at various y |
concentrations are summarized in refs 15, 16, 19, 21, 85, and ¢ = T ey T =3/ 0
86. Using the method of NDIS (neutron diffraction with isotopic 7008090 00 110 1200130140 450 160 170 180
substitution), the X-ray diffraction method or the extended X-ray
absorption fine structure method, a{42) structural config- Figure 3. Comparison of bond angles[ligand(l)—Cu**—ligand(11)].
uration for the [Cu(HO)s]?* complex has been found with a
first peak at 1.96:2.01 A assigned to the “equatorial” E@eq consideration of three-body potentidlsExcept for a slightly
nearest-neighbor distance,o(eq) and a further peak at 2.42 increased compactness of the two peaks, this plot reveals no
2.60 A corresponding to the two longer “axial” €@,y bonds structural differences between the classical three-body MM and
reuo(@x). The position of the second peak strongly depends on the quantum mechanically treated first hydration shell. Conse-
the method as well as on the counterion used in the experiment.quently, three-body potentials are suitable to correctly reproduce
The degree o0, — D distortion can be measured by the ratio  number and arrangements of the ligands around the central ion.
T = rcud€q)fcuo(@x) which decreases from unity for an However, more subtle structural properties require thabdy
octahedral complex to values between 0.94 and 0.75 for aqueougffects withn > 3 have to be included.
solutions of copper salts at various concentratfns. Monitoring the nearest ligands’ bond lengths during the
NDIS measurements of the hydrogen position of the adjacent course of the simulation led to Figure 4, where the development
water ligands lead to “equatorial” CtDeq, distances of 2.62  for the three pairs of opposite ligands is plotted. Accordingly,
and 2.65 A and “axial” CuDay distances of 3.07 and 3.28, the hexagquo complex distortion is continuously altered. Such a
respectively?’ depending on the copper salt. Compared to our “dynamical” character of the JT distortion has been postulated
results, this degree of distortion appears exaggerated, with theon the basis of spectroscopic d&¥ and is fully confirmed
simulation leading to a CtHeqy value of 2.71+ 0.26 A and by the results of our QM/MM simulation. Within this context
2.86+ 0.26 A for the Cu-Hay distance. it appears of particular interest that the changes of bond lengths
Detailed investigations of angular distributions lead to the always occur pairwise for ligands in opposite positions Z1
picture in Figure 3 which displays the probability density of 3—4, and 5-6 in Figure 4).
finding an anglep (ligand(l)—center-ligand(ll)) for both the Distribution plots of the first-shell peak of the &40 RDF
combined QM/MM and the classical reference MM simulation, for equatorial and axial ligands also reveal the JT distorted
where the ligands are represented by their centers of mass CoM structure of the [CtF(H,0)s]2" complex. Figure 5 depicts the
The angular distribution ranges from 6 179 peaking at bond length distributions of the first-shell water ligands obtained
88° and 172, respectively, reflecting the basic octahedral from the QM/MM simulation. The average length of the longest
structure of the hexahydrate complex. A similar result has bond in the solvate is 2.30 A, and it can reach a maximum
already been obtained by the approximate treatment of three-value of 2.64 A, clearly separated from the distribution of all
body effects using the NNLC formalisihas well as by explicit ligands which shows a remarkable tailing at longer distances

— QM/MM Simulation 43 &
[E—— MM Simulation Q\

Angle ¢ [°]
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Figure 4. Comparison of the development of all E@ distances during the course of the simulation. The dotted horizontal line at 2.08 A refers

to the first-shell peak of the RDF for GtO (Figure 1).
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Figure 5. Bond length distribution C&O for all ligands versus the
ligand with the most elongated bond axial ligands versus equatorial
ligands.

caused by the “axial” ligands (Figure 5a). The comparison of
“axial” and “equatorial” ligand distribution (Figure 5b) shows
the rcug(eq) peak at 2.07 A, whilec,o(ax) has a mean value
of 2.24 A, well in agreement with experimental data. Likewise
the ratioT = 0.92 calculated from the simulation results is within
the experimentally determined range of this value.

Neutron diffraction experiments show deviations of 86ém
the “ideal” linear dipole orientation of the adjacent water
ligands® However, since the model employed in the experi-

3,0 T T T T T T T

Trans-Positioned Water Ligands

%
%

40
Angle []

50

60

90

Figure 6. Comparison of the mutual ligand-plane orientation of cis-
and trans-positioned water molecules, respectively.

mental study assumes a regular octahedral structure for the first
hydration shell without JT distortion, the smaller deviations
reaching a maximum plateau betweeénadd 27 found in our
QM/MM simulation appear more likely. The MM simulation
results for these angles, however, are surely underestimated by
reaching a maximum at’8Since the three-body potential has
been optimized for equilibrium configurations with respect to
dipole and water-plane orientation, the ligands preferably arrange
themselves close to these pre-set conditions during the course
of the classical potentials simulation. Figure 6 depicts further
irregularities in the structure of the solvated fC(H,O)e]%"
cluster compared to ab initio calculations and ligand field theory
which predict the planes of opposite and adjacent water being
orthogonal. Trans-positioned water molecules are predominantly
configurated in this way; the angular distribution between the
ligand planes reaches a maximum value &t &8 contrast, the
same plot for planes of cis-positioned ligands covers a broader
range of possible values reaching a less sharp maximunt at 35
The hydration energy distributions for the solvated copper
ion clearly show the importance of treating the strongly
interacting area near the central ion by quantum mechanics.
Figure 7 depicts the distribution of the energy (first shell) and
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