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Demetrios Xenides, Bemhard B. Randolf, and Bemd M. Rode®
Drepartment of Theoretical Chemisiry, fnstitute of General, fnorganic and Theoretical Chemistr,
University of fnnsbrouck, frinrain 520, A-6020 fansbeuack, Austria

(Received 15 November 2004; accepled 16 February 2005; published online 3 May 2005)

A guantum mechames/molecular mechames molecular dynamies simulation was performed Tor
ligquid water to mvestigate structural and dynamical properties of this peculiar hiquid. The most
important region containing a central reference molecule and all nearest swrounding molecules (first
coordination shell) was treated by Hartree-Fock (HF), post-Hartree-Fock [second-order Moller—
Plesset perturbation theory (MP2)], and hybrid density functional B3LYP [Becke's three parameter
functional (B3) with the comelation functional of Lee, Yung, and Parr {LYF'}] methods. In addition,
another HF-level simulation (2HF) included the full second coordination shell. Site o site
interactions between oxygen-oxygen, oxygen-hydrogen, and hydrogen-hydrogen atoms of all
alr initio methods were compared to experimental data. The absence of & second peak and the
appearance of a shoulder instead in the gO -0 graph obtained from the 2HF simulation 1s notable,
as this feature has been observed so far only for pressunzed or heated water. Dynamical data show
that the 2ZHF procedure compensates some of the deficiency of the HF one-shell simulation,
reducing the difference between comelated (MP2) and HF results. B3LYP apparently leads to too
rigid structures and thus to an artificial slow down of the dynamics. © 2005 American Institute af
Physics. [DOL: 10.1063/1.18858465]
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Il. THEORY
A. GM/MM molecular dynamics simulation

In the QMMM approach the system 15 divided into the
region of major interest; in this case a sphere armound a cen-
ral water molecule, where gquantum mechanical technigues
are apphied. and the rest of the system are treated classically.
In order 1o define the size (radius) of this sphere a classical
simulation was perdomed and acconding o the resulting
O-0 radial distribution function (RDF) the size was set to
3.2 A for HF and B3LYP methods and to 3.4 A for MP2 as
o fully include all molecules that are forming hydrogen
bonds (HBs) with the central water molecule. By following
the same steps, a full second shell was meluded ina sphere
with radius of 5.6 A. HF calculations for all forces in these
two regions were carried out for atotal simulation time of 16
and 40 ps, respectively. First shell forces were calculated by
full MP2 for a sunulation tme of 5.0 ps and B3LYP for a
simulation time of 30 ps. All calculations were performed
with a Double-£ plus polarization functions basis set’® using
our own QM/MM MD code mplementing TURBOMOLE.
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B. Simulation protocol

The density of liquid water is 0.997 02 g/cm’; thus for a
sample of 500 water molecules the side length of the cubie
clementary box 1s 248 A. A canonical NVT ensemble at
29816 K was simulated with penodic boundary conditions™
and the temperature was kept constantl vsing the Berendsen
algorithm. "' Water-water interactions outside the QM spheres
were described with the flexible BIH-CF2 model " con-
sisiing of mtermolecular and itramolecular potentials. The
ume step of the simulation was set o 0.2 15, which allowed
for exphait movement of hydrogens. A cutoll of 12 A was
apphed for Coulombi nteractions, whercas for non-
Coulombic interactions it was set to 5.0 and 3.0 A for 0-0O
and H-H, respectvely.
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C. Structural data

All structural details can be obtamed by analyzing the
MD tryjectory files. Intermolecular and mtramolecular dis-
nces were evaluated by the respective RDFs (e, g0O-0,
g0-H, gH-H). Information about the angles formed be-
tween cither the oxygen or hydmogens of the centrl relerence
molecule, and the hydrogens and oxygens of the sumounding

molecules can be gained (rom the angular distnbution func-
nons [ADFs).
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D. Dynamical data
Useful nsights into the microscopic dynamics of hguid
water can be obtained by computing the velocity autocorre-
lation function (VACFE), which 1s defined as
22 i) i)
Clr) = — .
NNZ 2 () i)

where Mg 18 the number of “ume ongins.” & 15 the number of

. solae - . .- . . L - - B . .]].]5
particles, and u; denotes the velocity of a given particle j.

(1)

Normal-coordinate analysis was used ™™ for the caleu-
lation of the vibrational and hbrational frequencies of hguid
wialern Six scalar quantines &y, O, Oy, B, K, and R, are
defined to descnbe the bending vibrauon, 5}:mmclri1_' and
asymmetrie stretching vibratons, and rotations around the
three principal axes of the water molecule. The assignment
of the bands of the complete spectrum 1s not a trivial task
since they might be overlapping. The desired high resolution
of the power spectra can be obtained from the Fourier trans-
formation of VACFs.

All the QM calculated frequencies were multiplied by
appropnate scaling factors’” with amount 0.9051 for HE,
0.9496 for MP2, and 09614 for BALYF. These values were
chosen because they had been caleulated at the same level of
theory and with similar, 1if not the same, basis set.
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It 1s also of some importance 1o know the mte of eor-
entation of the water molecules around the three principal
axes system. These data can be obtained by using the reor-
entational time correlation functions (RTCFs), defined as

C, (1) = {(P,[5,(0) - 5.(0]. (2)

where P, is the Legendre polynomial of nth order and #, is a
unit vector along the three principal axes @ used o define the
position of the molecule at any given tme.

Mean residence times (MRETs) of the water molecules of
the QM treated coordination shell were calculated by the
direct method®" using +* values of 0.0 and 0.5 ps. The former
value 15 used as o follow the hifetime of hydrogen bonds and
thus the rate of their breaking as well, while the latter 15
suttable to account for exchanges of ligands 1n the immediate
neighborhood of a given molecule, leaving the coordination
shell for & mimimal penod of (0.5 ps.
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FIG. 1. Oxygen-oxygen RDFs from HE, BALYP, MP2,
and 2HF simulations.
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FIG. 3. Oxygen-hydrogen REDFs from HE B3LYP,
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FIG. 7. Different types of bonds in lguid water ob-
tained from evaluation of the same trajectory file with
woLvEIoN 40 program (the large full black circle de-
notes the oxypen atom from  the central  water
miolecule).



TABLE III. Complete structural paremeters obtained from RDEs praphs produced by simulations at HE BALYP, and MP2 levels of theory (all distances in
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angstroms and angles in degrees, numbers in parentheses ame second shell estimates).

Roo Ron fyy
Ry R Ko R Ko R L 0¥ -0 Lk -H-A) CMN
HF 29704 41) 3.59(5.77 2.05(3.59) 2 534 82) 2633 95) 30(5.71) 101 165 4.9(21.23)
MP2 TETGAT) 3A5.85)  1O3(324)  2.60(4.29)  2.4(3.76)  2.95(5.20) 103 167 47022,
IHF 2020 '_:I 3410 '_:I 2.':.!"1[.'1.4?_3 2.5.'![4..'!.'!_3 2.5‘.-'[.'!.?._'_3 .'I.E-I-[-I-.f'lﬁ'_:l 141 16l 4.2[[‘).3{1_3
BILYP TEIE.45)  3.31(5.79)  LES(R.21) 2.43(373)  233(387)  2.89(5.37) 102 154 4.2(22.08)
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Fig. 1. Oxygen—oxygen (full lne) and hydrogen—hydrogen (dotted line) BRDFs.

15



Mopiakn Npocopoiwon

il ' | . | . , y I ’ I T I T
First Shell |
T
0= s —
_ 40 : .
; ;
2 - : -
] 3
= L - )
=2 Second Shell
S
20 |-
1=
] 4 & 12

Coordination Number
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Fig. 4. Cozsine distribution of O-H -0 (') angle from a HF simulation.

18



Arbitrary Units

L

Mopiakn Npocopoiwon

-1 -(LB (16 -11.4 -1Lx { 0z L4 b

CO8 @

Fig. 5. Cosine distribution of O-0-0 (p) mele fom a HF simulation.
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. INTRODUCTION

Agqua complexes of transition metal ions are of partic-
ular interest as they frequently serve as basic models for
theoretical and experimental investigations of more compli-
cated ransition metal complexes.? These transition metal
complexes are also regarded as prototypes for biological
systems® because they serve to elucidate the electronic struc-
ture of various metallocenters of the active sites of enzymes.
Aqua complexes of numerous transition metal ions have been
well attended by both theoreticians and experimentalists to
fully understand their geometric and electronic structures as
well as other significant properties.® Nevertheless, the hy-
dration behavior of ransition metal jons can only be pur-
sued when an aqueous solution of such metal ions is care-
fully examined.® The above statements also apply in the
case of copper Cu(lD); one of the transition metal jons that
has great significance in many areas that range from chem-
istry to biology and other disciplines®” The knowledge of
local environment of the hydrated copper(ll) ion will cer-
tainly be helpful to understand its underying reaction dy-
namics and to guide reaction mechanisms occuring in many
hiological and other systems ®* Therefore, the dynamic be-
havior of the first coordination sphere of the Cu(ll) ague-
ous system has been extensively studied via both experimen-
tal and theoretical techniques.'™" However, the structural
and dynamics behavior of the Cu(ll) ion in agueous solu-

D puther to whom corespondence should be addressed. Electronic mail:
T Hofer@uibk ac.at. Tel: +43-512-507-57102. Fax: +43-512-507-57199.

tion have been poorly explored even though various sophis-
ticated experimental techniques have been employed for its
characterization.

In the past, it was almost believed that Cu(ll) ion gen-
erally exists only in six coordinated form in aqueous solu-
tion, which for the first time was challenged by Pasquarello
et al. who presented a five coordinated model based on Car-
Parinello molecular dynamics (CPMD) simulation and neu-
tron diffraction.”” Five equal Cu—O bonds were found in that
model with frequent exchanges of coordination geometries
which coexist as square pyramidal and trigonal bipyramidal.
The concept of 5-coodinated structure of the Cu(ll) ion in
aqueous solution was contradicted by extensive extended X-
ray absorption fine structure (EXAFS) and large angle X-ray
scattering (LAXS) experiments performed by Persson ef al.
who again suggested the existence of 6-fold coordinated ge-
ometry of this aqueous system.'® In these experiments, vari-
ous copper-water clusters were modeled and it was assessed
that the experimental data for the Cu(ll) ion in aqueous solu-
tion is best fitted with distorted octahedron. Ab initio QM/MM
MD simulation studies were also reported on the hydration
behavior of Cu(ll) ion in aqueous solution which also sup-
ported the idea of 6-fold coordination geometry along with
an explanation of the Jahn-Teller effects of the first hydra-
tion shell.'* CPMD simulation and X-ray absorption near-
edge structure (XANES) study suggested again a five coor-
dinated square pyramidal structure of aqueous Cu(Il) ion but
with one elongated axial water molecule. Moreover, EXAFS
and XANES spectroscopy were recently employed to elo-
cidate the structure of aqueous Cu(ll) ion that also gave a

24
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"_ (a) - B

TABLE II. Characteristic data for the solvent dynamics for second shell water ligands of Cu(II) and pure water

(N.x 18 the number of exchange events, R., is the number of attempts needed to produce one lasting exchange,
and CN the average Coordination Number,

Method CN NS NOD tasps)  tonlps)  Ra
Cu(ll) (QMCE-MD; 499 water)  11.5  118/345 1026/34.5 34 04 87
Cu(l) (QMCE-MD; 999 water) 116 264/S0ps 200150 ps 2.0 03 6.8
Cu(I) (QM/MM MD)* 1.7 468301ps 660301 ps 7.7 05 143
Hy0™ 4.1 20 131 13 0.19 6.6
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The structure of the hydrated copper(Il) ion in aqueous solution has been debated intensively in
recent years. It is, however, difficult to draw a clear conclusion as the interaction in the axial position
is very weak, and the color of copper(ll) complexes with Jahn—Teller distorted octahedral and tetrago-
nally distorted square-pyramidal are pale blue, while four- and five-coordinated complexes with oxy-
gen donor ligands are green. In the solid state, a very large majority of the reported structures display a
Jahn-Teller distorted structure with mean Cu—O bond distances of 1.975 and 2.35 A in the equatorial
and axial positions, respectively [8.9]. A limited number of solid-state structures contain penta-agua-
copper(ll) complexes in distorted square-pyramidal configuration with the axial position at the same
distance as found in the six-coordinate Jahn-Teller distorted complexes [69-74], and only one penta-
aquacopper(ll) complex with trigonal bipyramidal configuration [75], and one tetra-aquacopper(I[)
complex with square-planar configuration [76] are reported in the solid state. Pasquarello et al. pro-
posed some years ago that the hydrated copper(I) ion is five-coordinate in aquecus solution [77], a
view which has been supported by theoretical simulations and EXAFS/XANES studies [78,79].
EXAFS and LAXS studies did, however, give physically unrealistic Debye—Waller factors with on av-
erage only one waler intheaxial positions, supporting a Jahn-Teller disiofiedoetahedral configuration
[42]. Another EXAFS/XANES study concluded that it is not possible to distinguish between four-,

five-, and six-coordinate hydrate structures of copper(Il) [43], and a recent theoretical simulation

~ showed that the energetic difference between five- and six-coordination is very small (ca. 5 kl/mol) sup-
porting co-existence in agueous solution [44]. It is not possible from the present experimental or theo-
retical simulation data to nnambiguously determine if the hydrated copper(Ll) ion is five- or six-coor-
dinated or if they co-exist in aqueous solution, but five-coordination in trigonal bipyramidal fashion and
four-coordination can be ruled out as copper(ll) complexes in these configurations have a different
color, green [8,9]. However, it is a striking fact that the number of six-coordinate copper(1l) aqua com-
plexes in the solid state is much larger than the number of five-coordinate, in spite of the much lower
water activity at the formation of a solid phase than in aquecus solution.

26
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Structure and Dynamics of Sulfate Ion in Aqueous Solution—An ab initiec QMCF MD
Simulation and Large Angle X-ray Scattering Study

Viwat Vchirawongkwin,” Bernd M. Rode,*" and Ingmar Persson'

Theoretical Chemistry Division, Institute of General, Inorganic and Theoretical Chemistrv, University of
Fnnsbruck, Innvain 52a, A-6020 Innsbruck, Anstria, and Department of Chemistry, Swedish University of
Agricultural Science, P.O. Box 705, SE-750 07 Uppsala, Sweden

Received: January 11, 2007; In Final Form: February 23, 2007

The hydruted sulfate 1on has been chametenzed in agueous solution in structural and dynamic aspects using
ab initie quantum mechanical charge feld (QMCEF) molecular dynamics (MD) simulation and large angle
XNemay scattering (LAXS) methods, The LAXS data show an average coomdination number of the sulfate won
of up w12 water molecules bound through hydrogen bonding, while the QMCF MD simulation displays a
wide range of coordinaton numbers between 8 and 14 with an average value of ~11. The OO0, distance
cannol be distinguished from the Oye<Oy distance in the LAXS expenment; the weighted mean O=-+0 distance
15 2.880(10) A. In the simulation, the O,=--0,, and Oy, -0, distances are found to be very similar, namely,
2.86 and 2.84 A, respectively. The S—0, bond and S---0,, distance have been determined by the LAXS
experiment as 1.495(6) and 3.61(2) A, respectively, indicating an average nearly ewrahedral S—0,+++0, angle.
The ~5% devitons of simulation distances (147 and 3.82 A) from the experimental ones can probably be
ascribed to the neglect of correlation energy in the quantum mechamical method. The mean residence ume of
water ligands at O atoms, 2.57 ps, 15 longer than that m pure water, 1.7 ps, chametenzing the sulfate 1on as
a weak structure maker.
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L
Figure 7. Snapshot picture fom the QMCF MD simulation, illustrating
the structure of the hydrated sulfate ion.
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AI(IIT) Hydration Revisited. An ab Initio Quantum Mechanical Charge Field Molecular
Dynamics Study

Thomas S. Hofer, Bernhard R. Randolf, and Bernd M. Rode®

Theoretical Chemisiry Division, Institute of General, Inorganic and Theoretical Chemistry, University of
Innsbruck, Innrain 52a, A-6020 Innsbruck, Austria

Received: March 27, 2008; Revised Manuscript Received: May 17, 2008

To assess the novel quantum mechanical charge field (QMCF) molecular dynamics (MD) approach, two
simulations of hydrated AI(II) have been carried out, as this system proved to be a well-suited test case for
hybrid ab initio/molecular mechanics simulations. Two different population analysis schemes according to
Mulliken and Lowdin have been applied to evaluate the atomic charges in the QM region. It is shown that
the QMCF MD approach yields a substantially improved description of the system and that, due to the fact
that solute—solvent potentials can be renounced, the QMCF MD framework is a more convenient approach
to investigate solvated systems compared to conventional ab initio QM/MM MD approaches.
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Figure 1. Partitioning of the simulation box in the QMCF approach.
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(solid line) and Liéwdin (dashed line) charges and a comventional QM/MM MD simulation (dotted line) of ANII) in aqueous solution.

TABLE 2: Maxima (r. ﬂ.} and Minima (rg, ﬂ.} of the ANIIT)—O Radial Distribution Function (g,mp-o) and Average
Coordination Numbers {CNs) of the Respective Shells

i i iz Fa rup Fd ClNw 1 CH w2 CHN ava
OQMCF (Mulliken) LEB 415 4.85 6.25 T.20 6.0 12.8 31.6
QMCF (Lowdin) LEE 415 5.05 6.6 T.25 6.0 13.0 288
two-shell QMMM LBG 410 4.75 6.25 T.15 6.0 12.2 373
exptl valuet-47 LE7=1.90 308-4.15 6.0 12—-14
AN MM MD* L9 2.6 4.0 4.6 6.2 ~T2 6.0 ~14
AICH MM MD** 20 2.5 4.3/4.5 ~5.3 ~f.8 ~T7.5 6.0 ~19
ANy CP MD2® 192 4.09 [+ 11.2
AICl CP MDD 192 4.09 [+ 12

AT CP MDM L93 4.08 6 12
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Gold(l) and Mercury(ll)—Isoelectronic lons with Strongly Different
Chemistry: Ab Initio QMICF Molecular Dynamics Simulations of Their
Hydration Structure

Philipp M. Lichtenherger,f Andreas E. Fllmerer,’ T. S. Hofer,’ B. R. Randolf,' and B. M. Rode*"

'Akademisches Gymnasium, Angerzellgasse 14, A-6020 Innsbruck, Austria

*Theoretical Chemistry Division Institute of General, Inorganic and Theoretical Chemistry, University of Innsbruck, Innrain 52a,
A-6020 Innsbruck, Anstria

ABSTRACT: The hydration structure of the isoelectronic Au(I) and Au{l} ¥

.
Hg(II) ions was determined by means of ab initic quantum mechanical e~ :% :ht‘. .-"
charge field molecular dynamics (QMCF MD) simulations. The two Y ‘:D.""' {T 4 “Wie =
hydrates proved as very labile but entirely different in their structural -.rf o - th Z‘ "4 .'IL h_
features. While Hg(Il) forms two distinct hydration shells, Au(I) is ?' % :
characterized by an additional extended first shell (meso-shell) which } /%‘F' L‘T -‘r-. ,k
has a considerable influence on all data extracted from the simulation N ¥
trajectory, namely, radial and angular distribution functions, coordination .1,[’ ey ;g’ L'{- ﬂ

number distribution, and dynamical data such as mean ligand residence
times (MRT) and vibrational frequencies. The short MRT values of the first shell ligands, amounting to a few picoseconds, lead to
the simultaneous presence of a number of hydrate complexes with differing geometries, which explains the difficulties in assigning
structural data to spectroscopic measurements, The results presented here demonstrate that iscelectronic transition metal ions can
show strongly different chemical properties, which cannot be explained on the basis of their different charge alone. The importance
of including the second hydration shell and thus the intershell hydrogen bonds in the quantum mechanical treatment of the

simulation is clearly proven.
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Figure 5. Ion—ligand distance plots for Hg(I) (upper panel) and
Au(I) (lower panel) llustrating exchange processes in the course of the
simulations.
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Figure 6. Fluchmtion of the atomic partial charge according to Mulliken
population analys of Hg(II) and Au(l) during the QMCF MD
simulation .
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