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The Zr4+ tetramer, [Zr4(OH)8(H2O)16]8+, is thought to be the major component of the Zr4+ polymer system
in aqueous solution, present as a dominant ionic cluster species compared to other Zr4+ clusters under various
experimental conditions. Despite widespread applications of zirconium, the structure and dynamics of the
tetramer in aqueous solution are not well understood. We conducted a combination of ab initio molecular
dynamics and quantum mechanical studies in the gas phase and aqueous solution and related our results to
the available experimental data to provide atom-level information on the behavior of this species in aqueous
solution. Our simulations indicate that the tetramer structure is stable on the picosecond time scale in an
aqueous environment and that it is of a planar form, comprising eight-coordinated Zr4+ ions with an antiprism/
irregular dodecahedron ligand arrangement. In combination with our studies of Zr4+ dimer and trimer clusters,
our results provide detailed geometrical information on structural motifs for building zirconium polymers
and suggest a possible polymerization path.

I. Introduction

Understanding the chemistry and physicochemical properties
of aqueous solutions of inorganic ions is of crucial importance
for a variety of chemical problems in both basic and applied
science. Solutions of a number of highly charged metal cations
present an experimental challenge, because of the polymerization
that occurs to different extents depending on pH, aging,
temperature, and concentration. Computational chemistry meth-
ods provide a tool for circumventing some of these problems
and have been shown to contribute important information about
solution characteristics. We focus on solvation of the Zr4+ ion,

because of a wide range of zirconium applications that call for
a better understanding of its characteristics.

Upon contact with water, Zr4+ ions form a complex mixture
of polynuclear species, with the composition depending on a
combination of experimental conditions.1-4 A number of
experimental studies conducted over the past 5 decades5-11 point
to the zirconium tetramer, [Zr4(OH)8(H2O)16]8+, as a major
component of Zr4+ solutions, present in aqueous solutions along
with a variety of other polymers. Despite the general scientific
and industrial interest in this species (applications range from
nuclear technology to antiperspirants),3,12 there have been no
computational studies of the zirconium tetramer that would
provide atom-level information on its structure and dynamics
in aqueous solution.

Ab initio molecular dynamics techniques, such as Car-
Parrinello molecular dynamics (CPMD),13 allow models of
relatively small polymers (of the zirconium tetramer size) in

* Corresponding author. E-mail: v.pophri@usip.edu. Tel.: 215-596-
8551. Fax: 215-596-5432.

† University of the Sciences in Philadelphia.
‡ Colgate Palmolive Company
§ University of Pennsylvania.

© Copyright 2007 by the American Chemical Society VOLUME 111, NUMBER 45, NOVEMBER 15, 2007

10.1021/jp0734880 CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/18/2007



aqueous solution to be studied and important chemical processes
such as bond breaking and formation, water deprotonation,
species dynamics, and interactions between particles in solution
to be observed. The advantage of the CPMD method with
respect to classical molecular dynamics lies in the fact that the
former does not employ empirically parametrized forces to
govern atomic motion, but rather determines them “on the fly”,
from electronic structure calculations. In addition, the compu-
tational approach to studying systems that easily polymerize to
yield various polynuclear species presents a key complement
to experimental studies, because of the atomic level of insight
and higher level of control of the system’s composition and
conditions. The usefulness and effectiveness of CPMD in small
inorganic polymer studies has been demonstrated for a number
of systems, such as aluminum hydroxide14 and aluminum
chlorohydrate.15,16

Herein, we focus on the stability and chemical behavior of
the Zr4+ tetramer in aqueous solution. The structure of this
species [Zr4(OH)8(H2O)16Cl8] was determined by early X-ray5,6

and some later experiments.7 X-ray scattering studies have
shown that this species is the major form present in solutions.6,11

Spectrophotometric17 and ultracentrifugation18 studies also sug-
gest the presence of the tetramer, which has been confirmed by
several recent publications.8,9 We have obtained and character-
ized the gas-phase and solution structures of the tetramer using
the CPMD approach and conducted an analysis of its stability
and chemical behavior in aqueous solution.

II. Methodology

Within the CPMD13 framework, we employ a Goedecker-
type pseudopotential for zirconium (12 valence electrons)19 and
nonlocal norm-conserving soft pseudopotentials of Troullier-
Martins type20 for oxygen and hydrogen. Angular momentum
components up tolmax ) 2 were included for Zr andlmax ) 1
for O. The BLYP exchange correlation functional was em-
ployed,21,22along with a plane-wave basis with a 70-Ry cutoff.
Neutralizing background charge was used. All simulations were
performed in a periodically repeating cubic box, with different
sizes for the gas-phase and solution simulations (see below)
and periodic boundary conditions.

The initial structure of the tetramer was constructed using
its X-ray structure5,6 and a square antiprism as the building unit
(Figure 1), based on the 7-8 coordination of Zr4+ ion and our

CPMD simulations of the Zr4+ ion in solution.23 The minimum-
energy geometry of the gas-phase structure was obtained by an
initial relaxation at 300 K for>1 ps, followed by simulated
annealing (scaling factor of 0.9998 for ionic velocities) and
geometry optimization. The gas-phase simulation cell edge was
18.0 Å. In all calculations, classical equations of motion were
integrated with the velocity Verlet algorithm with a time step
of 0.1207 fs and a fictitious mass for the electronic degrees of
freedom ofµ ) 500 a.u.

After optimization by the CPMD code, the tetramer geometry
was refined by BLYP24,25and B3LYP optimizations,25,26using
the LanL2DZ basis set,27 the size of the tetramer preventing
higher-level optimizations. These optimizations were carried out
with Gaussian 03.28 Harmonic frequencies for the optimized
geometries were calculated to ensure that they correspond to
the local minima.

The optimized gas-phase structure was used as the starting
geometry for the simulations in aqueous solution. The aqueous
environment was modeled by a cubic box with a 16.0 Å edge
and 108 H2O molecules. The analysis of the system was
performed based on the trajectory obtained from the∼10 ps
CPMD simulation using a Nose´-Hoover chain thermostat (of
length 4, with frequency 500 cm-1)29-32 at 300 K.

III. Results

III.1. [Zr 4(OH)8(H2O)16]8+: Gas-Phase Structure. The
initial tetramer geometry was designed following the X-ray
structure of Zr4(OH)8(H2O)16Cl8.5 It consists of four Zr4+ ions,
each eight-coordinated in a square antiprism fashion (Figure
2). These monomer units are connected by double OH bridges,
thus making the coordination shell of each Zr4+ consist of four
OH- groups (within bridges, i.e., shared between adjacent Zr4+

ions) and four H2O molecules, bound to Zr ions via oxygen
atoms. The overall structure is planar with respect to the Zr
ions, with Zr4+ ions in the corners of a square and OH bridges
symmetrically arranged above and below the plane formed by
four Zr4+ ions, equidistant from the Zr4+ ions that they connect.

This structure was allowed to relax in the gas phase at 300
K for >1 ps, followed by simulated annealing, which led to a
stable structure with four Zr4+ ions in the corners of a square
and oxygen atoms symmetrically arranged (both in the bridges

Figure 1. Square antiprism shape used as the building unit for the
initial structure design of the tetramer. Two models (and two views)
are shown. (a) Ball-and-stick model: lines represent bonds between
the Zr4+ ion (yellow) and oxygen atoms (red) of OH and H2O moieties.
(b) Model represented by planes cornered by Zr4+ ion and oxygen
atoms.

Figure 2. Initial structure of the tetramer. Pairs of Zr4+ ions are
connected by two OH bridges each. (a) Ball-and-stick model. (b) Two
square antiprism monomer units shown in different colors (green,
purple) to facilitate viewing. Zr4+ ions, yellow; oxygen atoms in OH
bridging groups, blue; oxygen atoms in H2O molecules, red. Side and
top views are shown. Hydrogen atoms omitted for clarity.
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and in the terminal H2O molecules). The structure was
subsequently optimized using BLYP/plane wave and BLYP/
LanL2DZ and B3LYP/LanL2DZ procedures (Figure 3), with
resulting geometrical parameters in close agreement between
the two procedures (Table 1). Neither the change in the nature
of the basis set (plane wavef LanL2DZ) nor the change in
the computational level (BLYPf B3LYP) affects the geo-
metrical parameters much, especially for the angles. The Zr-
Zr distances are 3.7-3.8 Å, whereas the Zr-O distances are
∼2.2 Å for OH bridges and 2.3-2.4 Å for H2O ligands. The
gas-phase optimized tetramer retains the main geometrical
features of the X-ray-determined solid-state structure: four Zr4+

ions are in one plane, with OH bridges and H2O ligands
surrounding any one of the Zr4+ ions highly symmetrically with
respect to the groups surrounding the other three Zr4+ ions.
Because of the spatial restrictions imposed by the bridges, the
arrangements of H2O ligands around two adjacent Zr4+ ions
are eclipsed with respect to each other, as opposed to the
minimum-energy structure of the dimer, which is staggered.33

Otherwise, the tetramer bond lengths and angles agree well with
those of the gas-phase dimer [Zr2(OH)2(H2O)12

6+] optimized
at the same level.33

Experimental data most often cited for the zirconium tetramer
are derived from the characteristics of the zirconium oxychloride

{ZrOCl2‚8H2O or [Zr4(OH)8(H2O)16]Cl8‚12H2O} crystal struc-
ture, which was originally determined in 1956.5 Since then, the
species has been studied by various means, both in the solid
state and in solution.1-3,6,10,11,34Our calculated gas-phase Zr-O
distances agree with the solid-state data (2.13-2.37 Å),5 as does
the general position of the OH bridging groups (pairs arranged
so that one OH group is above and the other is below the Zr
plane). Geometrical parameters derived from EXAFS spectra
on aqueous solutions of ZrOCl2‚8H2O, ZrO(NO3)2‚2H2O, and
Zr(SO4)2‚4H2O salts, which produce tetrameric species (reported
Zr-Zr distances between adjacent ions are 3.3 and 3.6 Å
depending on the nature of the anion and the age of the solution,
whereas Zr-O distances are 2.2 Å),10 are also in agreement
with the values obtained here. The Zr-O distance also falls in
the range of experimentally and computationally obtained values
for related structures, such as the tetragonal crystalline ZrO2

structure (2.09-2.44 Å),35 solid-state but amorphous ZrO2

(2.04-2.25 Å),36 and a class of Zr(OH)n(H2O)m monomers (ab
initio calculated values for gas-phase: Zr-OOH, 1.9-2.2 Å; Zr-
OH2O, 2.2-2.4 Å).37 The Zr-Zr distance is, as expected,
somewhat larger than in the monoclinic ZrO2 structure (crystal
structure data), which is 3.44-3.47 Å.38

III.2. [Zr 4(OH)8(H2O)16]8+: Solution Structure. The gas-
phase-optimized tetramer was placed in a box (16.0 Å edge)
with 108 water molecules and equilibrated for 10 ps. The results
of the simulation are presented in Figures 4 and 5. The Zr-O
and Zr-H radial distribution functions (Figure 4a,b) show that
each of the four Zr ions is surrounded by four water molecules
and four bridging hydroxide groups (coordination numbers are
8 and 12 for O and H, respectively). We observe no deproto-
nation of any of the terminal water molecules and no bound
water molecules exchanging with the bulk or leaving the
complex, as evident from the coordination numbers (12 for H)
and the 0 value of theg(r) functions between the first and second
coordination shells for all four Zr4+ ions, respectively (Figure
4a,b). The distances between Zr ions (Figure 4c) oscillate around
3.66 Å, further confirming the stability of the species. The
angular distribution function (Figure 4d) points to an irregular
dodecahedron arrangement around the Zr ions, which, in an ideal
case (ideal irregular dodecahedron), features peaks at 70°, 76°,
94°, 130°, and 143°. Some of the obtained peaks are in similar
positions to those of the ideal antiprism (70°, 82°, 108°, 142°).
Because of thermal distortions, as well as bending of certain
Zr-O-Zr bonds stemming from the closed, circular square
structure of the tetramer (Zr1-OOH-Zr2-OOH-Zr3-OOH-Zr4-
OOH-Zr1), we observe the following: (a) a wide peak at 60-
90°, spanning the first three peaks of the irregular dodecahedron,
and the first two peaks of the antiprism and (b) a wide peak at
130-150°, corresponding to the 130° and 143° irregular
dodecahedron peaks as well as the 142° antiprism peak. One
of the four Zr ions features a small peak at∼110°, a
characteristic of the antiprism geometry. Thus, as a consequence
of the distortions of the ideal geometries, antiprism and irregular
dodecahedron geometries are indistinguishable in the tetramer
case.

Other geometrical features of the solvated cluster follow those
observed by our gas-phase calculations, as well as by experi-
mental studies in aqueous solution. The Zr-Zr radial distribution
function (Figure 5a) features two peaks, one of which corre-
sponds to the distance between the adjacent Zr ions, the other
to the distance between Zr ions that are not directly bound to
each other (3.6 and 5.1 Å, respectively). Our Zr-Zr radial
distribution function is very close to the one observed by
EXAFS experiments performed on the aqueous system (two sets

Figure 3. Optimized structure of the tetramer (gas phase). (a) Top
view, showing the square arrangement of the four Zr ions. (b) Side
view, showing the planarity of the zircounium ion and the OH bridge
arrangement. Zr4+ ions, yellow; oxygen atoms in OH bridging groups,
blue; oxygen atoms in H2O molecules, red. Hydrogen atoms omitted
for clarity.

TABLE 1: Optimized Geometry of the Zr 4+ Tetramer,
Obtained Using Different Computational Levelsa

BLYP/plane-
wave basis

BLYP/
LanL2DZ

B3LYP/
LanL2DZ

distance (Å)
Zr-Zr 3.749-3.756 3.791 3.748
Zr-OOH 2.183-2.224 2.202-2.242 2.183-2.218
Zr-OH2O 2.303-2.426 2.301-2.397 2.280-2.372

angle (deg)
Zr-Zr-Zr 89.88-90.15 89.99-90.00 89.99-90.01
OOH-Zr-OOH 62.58-62.96 62.16-62.60 62.53-62.82
Zr-OOH-Zr 115.36-117.34 115.80-117.77 115.49-117.51
OOH-Zr-OH2O(1)b 81.39-98.02 81.80-99.89 81.65-99.71
OOH-Zr-OH2O(2)c 74.34-76.17 74.80-76.78 74.82-76.72
OH2O-Zr-OH2O

d 70.51-73.83 70.61-72.73 70.35-72.72

a The optimized Zr tetramer has a square configuration, with two
adjacent antiprism units joined along the edge defined by the two
bridging OH groups. The four Zr4+ ions are in a planar configuration.
There are four H2O molecules surrounding each Zr ion; two of them
lay on the plane defined by the Zr ions, and the other two are located
above or below the plane.b OOH-Zr-OH2O(1) refers to angles defined
by hydroxyl O, Zr, and water O atoms, where water O atoms lie on
the plane defined by the Zr ions.c OOH-Zr-OH2O(2) refers to angles
defined by hydroxyl O, Zr, and water O atoms located above or below
the plane defined by Zr ions.d OH2O-Zr-OH2O refers to angles defined
by the Zr ion and oxygen atoms of two water molecules bound to it.
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of data reported because of dependence on the counteranion
and aging, namely, 3.3 and 4.7 Å, and 3.6 Å and 5.1 Å, whereas
the distances obtained from our simulations are 3.625 Å and
5.125 Å).10 Such a set of distances confirms the square
symmetry of the complex, given that the ratio of distances
between the directly bound Zr ions (3.6 Å) and those that are
diagonally related to each other (5.1 Å) isx2. On the time
scale of the simulation, the tetramer appears to be planar: the
departure of any one of the Zr ions from the plane formed by
the other three Zr ions does not exceed 0.5 Å (Figure 5b).

IV. Discussion and Conclusions

The present CPMD simulations show that the Zr4+ tetramer
cluster exists in aqueous solution as a stable structure, sharing
common features mainly with the Zr4+ dimer. The basic
structural motif observed by our studies of both the Zr4+ dimer
and trimer clusters is present in the tetramer as well: the Zr4+

ion is eight-coordinated, which is consistent with general Zr4+

coordination.1 The zirconium ion is surrounded by H2O
molecules and bridging hydroxide ions, with Zr-O bonds of
∼ 2.2 Å length. As opposed to the smaller clusters, in the case
of the tetramer, we do not observe Zr-O bond breaking, i.e.,
exchange of the terminal, bound H2O molecules with the bulk
in either the gas-phase or solution simulations. The monomer
unit takes an antiprism/irregular dodecahedron spatial arrange-
ment that is somewhat distorted and cannot be uniquely assigned

because of the strain imposed by the binding pattern between
the units. Another structural motif is formed by the monomers
bound by OH bridges, resulting in Zr(OH)2Zr units. This motif
appears in both the dimer33 and the tetramer species and has a
consistent geometry when the two clusters are compared: the
Zr-Zr distance is∼3.8 Å, and the Zr-OOH distance is
∼2.2 Å.

Although the Zr(OH)2Zr structural motif persists in going
from the dimer to the tetramer, there is an interesting difference
between the two: whereas one of the Zr ions in the dimer is
seven-coordinated, all four Zr ions in the tetramer are eight-
coordinated. In the course of a 10-ps simulation of the dimer
in aqueous solution, we do not observe that the vacancy of the
seven-coordinated Zr ion becomes filled by a water molecule
from the bulk33 (such behavior was observed in, e.g., the
aluminum chlorohydrate Al13 cluster, using the same simulation
method and on a similar time scale15). This observation points
to a possible polymerization pathway from the dimer to the
tetramer, which could occur by an attack of a dimer with a
terminal OH group on a seven-coordinated Zr ion of another
dimer. In such an arrangement, the seven-coordinated Zr ions
could sterically accommodate an incoming OH group/bridge.39

In addition, the comparison of the only trimer structure we were
able to locate33 and the trimer that can theoretically be extracted
from the tetramer does not support a possible tetramer formation
path via the trimer.

Figure 4. Zirconium tetramer in aqueous solution. (a) Zr-O radial distribution functions and corresponding running coordination number integrals
for the four Zr4+ ions. (b) Zr-H radial distribution functions and corresponding running coordination number integrals for the four Zr4+ ions. (c)
Zr-Zr distances for four pairs of adjacent Zr4+ ions. (d) Angular distribution function for the four Zr ions (O-Zr-O angle plotted), indicating the
antiprism/irregular dodecahedron (indistinguishable in this case) arrangement of the coordinating oxygen atoms around each of the Zr ions.

Figure 5. CPMD simulation of the zirconium tetramer in aqueous solution. (a) Zr-Zr radial distribution function. The plot shows that one of the
Zr-Zr distances isx2 times larger than the other, indicating that the tetramer is a structure with square symmetry. (b) Distance of one Zr4+ ion
from the plane defined by the other three Zr4+ ions. Small out-of-plane fluctuations (<0.5 Å) point to the stability and planarity of the aqueous
solution structure.
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Our study of the tetramer in aqueous solution confirms what
has been seen by X-ray studies in solid state: its aqueous
solution form consists of four eight-coordinated Zr ions con-
nected by double bridges and forming a roughly square and
planar structure with respect to the Zr ions. The structure is
stable on the scale of our simulation, with no tendency of either
exchanging terminally bound water molecules with the bulk or
breaking OH bridges. The excellent agreement of our results
with the experimental data on the tetramer, together with our
findings on the dimer and trimer,33 provides a basis for new
experiments to be designed and conducted that will shed more
light on the aqueous chemistry of the Zr4+ ion.
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