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Abstract

The complex formation and the coordination of zmicon with acetic acid were investigated
with Zr K-edge EXAFS spectroscopy and single ciydiffraction. Zr K edge EXAFS

spectra show that a stepwise increase of acetidaeiqueous solution with 0.1 M Zr(IV)
leads to a structural rearrangement from initiabteuclear hydrolysis species
[Zr4(OH)s(OHy)1¢)®" to a hexanuclear acetate specie$@y(OH)4(CHsCOO)2. The solution
species ZJ(0)s(OH)s(CH3:COO)» was preserved in crystals by slow evaporatiomef t
aqueous solution. Single crystal diffraction regesh uncharged hexanuclear cluster in solid
Zre(U3-0)a(z-OH)a(CH3COO)2: 8.5H0. EXAFS measurements show that the structure of

the hexanuclear zirconium acetate cluster in soudind solid state are identical.

Introduction

Zirconium shows at [Zr(IV)] > 1@ M a strong tendency towards hydrolysis and
polymerization [1], even at high [fHconcentration. There is a common agreement tigat t
dominant hydrolysis species is the tetranuclearpernZr(OH)s(OH2)16)%*. The related

crystal structure with the [Z{OH)s(OH2)16]®" unit was first analyzed by Clearfied and
Vaughan [2] and has been since refined since theseweral authors. The presence of the
tetranuclear hydrolysis complex in agueous solutvas first independently described by
Muha et al. [3] and Aberg [4] based on X-ray seattemeasurements, and has been recently
confirmed by Hagfeldt et al. [5] with Zr K-edge EX& spectroscopy.

The extraordinary stability of this tetranucleangmex makes it likely that acetate can

replace only the terminal water molecules wherkagdtranuclear core is preserved [6].



There are only two studies which reported thermadyio properties of zirconium hydroxo
acetate complexes at low Zr concentration. Konurei\a. [7] investigated solutions at pH 2
— 4 with 0.005 — 0.02 M ZrOghnd 0.01 — 0.02 M acetic acid by means of potargioc
titration. They suggested the formation of [Zr(QE:COO] with a complexation constant

of logp = 3.79% 0.07. Vladimirova et al. [8] repeated the studyngs kinetic method with
6.18 - 10° M ZrOCl in the pH range of 0.82 — 1.64. A higher stabitionstant of log3® =
6.18+ 0.05 was found for the species [Zr(QEIH:COO]'. Both studies suggested formation
of monomeric Zr acetate complexes, although Konareial. did not exclude the additional
formation of polymeric species. However, none efsthtwo studies provided an independent

spectroscopic validation of the assumed complextstumetry.

Several attempts were made to determine the stauofizirconium acetate species in
solution and solid state. Ludwig and Schwartz 8 &trauhan et al. [10] synthesized
zirconium acetate in strictly water free solutiolauggested, by using infrared (IR)
spectroscopy, formation of the monomeric compleflCHCOO), with bidentate

coordinated acetate ligands. Paul et al. [11] tedl&r(IV) oxo and hydroxo acetate
complexes from reflux in pure acetic acid and sstggefrom IR spectroscopy a tetranuclear
Zr complex with bidentate chelating and /or bidemtaridging coordination similar as earlier
reported by Prozorovskaya [12]. Tosan et al. [@jg&sted also tetranuclear species
[Zr4(OH)s(RCOQO)Cl4 (with R = H, CH) and suggested from IR spectra that the carboxylic
groups bind in bidentate chelating coordinatiorerolm et al. [13] analyzed recently
zirconium acetate solutions with small angle X-sagttering and suggested that the
zirconium species exists as extended oligomer shaifinked cyclic tetramers similar to the
[Zr2(OH)s(OHy)1¢]®* complex. Solutions with zirconium carboxylatesimhaacetate, are
widely used as precursor for synthesis of Zn@noparticles and Ze&eramic material [14,
15]. There is a common agreement that the spatigslution form the precursor in the
subsequent sol/gel process and influence the steuand properties of the derived ceramics.
Despite this technological importance, the comgkenctures of zirconium acetate species in
solution and solid state are still not known whicbtivates a related study. The aim of our
study is therefore to investigate the coordinaiod speciation of zirconium in aqueous
acetic acid solution by Zr K-edge EXAFS spectrosscop preserve the limiting solution
species by crystallization, and to determine thiglstate structure by single crystal
diffraction.



Experimental section

Preparation of aqueous solutionsTwo concentrated stock solutions were preparetl @)

M ZrOCl,- 8H0 (Sigma Aldrich, p.a.), (i) 2.0 M G €OOH (VWR, p.a.). A sample serie of
0.1 M Zr(IV) was prepared by addition of stock galn (i) to an appropriate amount of
solution (ii) to obtain the following molar ratia$ acetic acid / Zr(IV): 0, 0.1, 0.2, 0.3, 0.4.
0.5,0.6,0.8,1.0,1.5, 2.0, 3.5, 5.0, and 10t pH value was adjusted to 1.5 with HCI and
NaOH. In order to avoid kinetic effects [6] the aqus samples were equilibrated for several

weeks prior to EXAFS measurements.

Single crystal synthesisSeveral attempts were made to obtain single dsyst&Zr(1V)

acetate from aqueous solution by variation of frglsesis conditions. The reported structure
was obtained from a mixture of 5 mL 1.0 M ZrQ@lith 5 mL 1 M CHCOOH. The initial

pH of 0.30 was increased to 1.77 by adding 2 M amuom acetate solution. The clear
solution was slowly evaporated at room temperafline. Zr acetate crystals were then
separated from co-precipitated crystals of thenkia

EXAFS measurementsEXAFS measurements were performed in transmisame using a
Si(111) double-crystal monochromator on the RossénBeamline [16] at the European
Synchrotron Radiation Facility (Grenoble, Franééyher harmonics were rejected by two Rh
coated mirrors. The Zr K-edge EXAFS spectra wetkecied at 25°C and ambient pressure
by using ionization chambers filled with 25% arguord 75% nitrogen before the samplg (
and with pure argon after the samglg &nd the energy referende)( For energy calibration,

a Zr metal foil was measured simultaneously ingnaission mode (first inflection point at
17998 eV). Data were collected in equidisteisteps of 0.05 A across the EXAFS region.
The Zr K threshold energy for the EXAFS spectrumg,Bvas arbitrarily defined asE 18012
eV for all spectra. EXAFS data were extracted frive raw absorption spectra by standard
methods including a spline approximation for thenat background using the program
WINXAS [17]. Data fitting was performed with EXAF®K [18]. Theoretical phase and
amplitude functions were calculated with FEFF 98][by using the crystal structures of
[Zr4(OH)g(H20)16]Cle- 12H0 [5] and ZgO4(OH)s(CHsCOO)»- 8.5H0 (this work). The FT
peaks are shifted to lower valugsA relative to the true near-neighbour distarResie to the

phase shift of the electron wave in the adjacesrhat potentials. Thigl shift is considered as



a variable during the shell fits. The amplitudeustibn factor S?, was defined as 0.9 and fixed
to that value in the data fits. The quantitativetriibution of species in aqueous solutions was
analyzed by Iterative Target Transformation Fa&oalysis using the program ITFA from
Rossberg et al. [20]. The standard deviations lative concentrations were determined with
the algorithm proposed by Malinowski [21].

X-ray diffraction. The single crystal X-ray data collection was caroeit on a Bruker AXS
SMART diffractometer at room temperature using Mw tadiation 4=0.71073 A)
monochromatized by a graphite crystal. Data rednatias performed by using the Bruker
AXS SAINT and SADABS packages. The structures veeteed by direct methods and
refined by full-matrix least squares calculatiomgsSHELX [22, 23]. Anisotropic thermal
parameters were employed for non-hydrogen atoms hydrogen atoms were treated
isotropically with Uso = 1.2 times the k4 value of the parent atom. The hydrogen atoms were
introduced in ideal positions. Crystal data anddtrre refinement details are summarized in
Table 3. The crystallographic data for the struegurave been deposited at the Cambridge
Crystallographic Data Centre. The CCDC numbervemin Table 3. Copies of the data can
be obtained, free of charge, on application to CCIX_Union Road, Cambridge CB2 1EZ,
UK, fax: +44 1223 336033 or e-mail: deposit@ccdn.ea.uk.

Results and discussion

First we identified the Zr(IV) hydrolysis specieistbe initial solution before the
complexation with acetate. Figure 1 shows the &dge EXAFS spectrum and the

corresponding Fourier transform of the aqueous samiph 0.1 M Zr(IV) at pH 1.5.
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Figure 1. Zr K-edge kweighted EXAFS data (left) and the correspondingrier transform
(right) of an aqueous solution with 0.1 M [#DH)g(H20)16]Cle-12H0 at pH 1.5. This
spectrum represents the initial Zr(1V) speciess(H)s(OH.)1¢l 8. The spectrum reveals Zr
backscattering peaks at short §Zand long (Zr) distance.

The Fourier transform reveals three peaks labeligdthe symbol of the related
backscattering atoms in the environment of thetegcZr atom. Table 1 summarizes the fit

result.

Table 1. EXAFS fit parameters of the initial tetnalear Zr(IV) complex of the aqueous
solution with 0.1 M [Zf(OH)s(OH2)16|Cls-12H0 at pH 1.5.

Sample Scattering path R/ A N @ | A? AExo/leV  F
Solid Zr-O 2.169(2)  7.5(2) 0.0079(1)  -0.7 0.23
Zr- Zrs 3.620(3)  2.3(3) 0.0076(6)
zr-Zn, 5.14(1)  0.9(5) 0.005(2)

R — interatomic distancé) — coordination numbegf — Debye-Waller FactoAEx-o — threshold energy shiff,
— error of data fit normalized to numbers of datants. Standard deviation of the last digit is give parentheses.

The error of distances #s[D.02 A, the error of coordination numbersig&20%.

The first peak reveals 8 direct coordinated oxygims at an average Zr-O distance of
2.169(2) A. It is followed by two peaks indicatingshorter Zr-Zs distance of 3.620(3) A and
a longer Zr-Zr distance of 5.14(1) A. The shorter distance iategl with two coordinated Zr
atoms (fit erroe: 20%), and the longer Zr distance with one Zr atonaracteristic for the
tetranuclear hydrolysis complex fOH)s(H20)16]%*, which has been described in detail
before [4,5]. The experimental data radde= 3.0-16.0 A* provides a spectral resolution of
0.12 A. This is not sufficient to differentiatetile EXAFS fit between oxygen atoms from
OH™ and RHO because of their small distance differences, ware known from the crystal
structure of [Z#(OH)g(H20)1¢]Cls- 12H0 [2, 5]. It should be mentioned that trimeric spe¢
such as Z(OH)#" and Zg(OH)s**, which are suggested in the thermodynamic liteeatu

[24], are only of minor importance in the solutiemder discussion. These species would not
contribute to the EXAFS scattering peak at 5.14(1Jhe fact that the observed coordination
number of this peak is close to one, as expectethétetramer, indicates the predominant
presence of [ZOH)s(OH2)1¢)%*.



The EXAFS spectra of the successive complex foonaif 0.1 M Zr(IV) with CHCOOH at
pH 1.5 is shown in Figure 2. The spectrum of thiainsolution without acetate is included.
It is obvious that complexation occurs within tlaengple series. The carboxylic group
deprotonates easily due to the strong Lewis acai@&r(IV), even at pH 1.5. That is over
three orders of magnitude below th&pf acetic acid.
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Figure 2. Zr K-edge kweighted EXAFS data (left) and the correspondingrier
magnitudes (right) of aqueous solution with 0.1 N1\2), pH 1.5 and increasing
concentration of CECOOH. Arrows indicate the trends in the spectralletion. The
intensity of the Zr backscattering peak at shostathce (Z& changes significantly whereas
the intensity of Zr at long distance (Xremains largely unchanged.

Two arrows indicate the direction of the spectradletion with increasing acetic acid
concentration. The first peak, Zr-O, loses in istgnand undergoes a splitting. The second
peak, Zg, increases in intensity compared with the ingiadcies. The third peak, Zdoes

not change significantly its intensity but shiftsshorter distances. The EXAFS spectra show
several isosbestic points, suggesting equilibrigtwken two main solution species. The
entire series of EXAFS spectra has been analyzédfagtor analysis which reveals two
dominating species. The quantitative fraction eftlvo species is shown in Figure 3 together
with the extracted spectral components.
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Figure 3. Factor analysis of EXAFS spectra. TOpAES spectra (left) and corresponding
Fourier transform magnitude (right) of the extradti®vo main components. Bottom: relative
concentrations of the two components as functighefmolar ligand / Z¥* ratio. The blue
colour represents the initial tetranuclear spedigs:(OH)s(H20):4 ®*, the red colour

represents the hexanuclear complex @) (OH)s(CHsCOO).2.

The spectra of the initial and final species anglar but not completely identical with the

first and last spectrum of the series. The sméidince is a hint that the initial solution

might not exclusively consist of [4OH)s(H20)1¢]%*, and furthermore, that there might exist
an intermediate species of minor importance. It m@tgossible to extract these minor
components as individual spectra. However, it ssfie to extract important structural
features of the main zirconium acetate speciaes.dbvious that the oxygen shell of the final
species comprises different distances which réstlte well pronounced splitting. The peak
intensity of the Zr- Zg shell is just doubled compared to J@H)s(H20)1¢]®*, which

indicates that each of the excited Zr atoms hasreiyhbors. The intensity of the Zr-.Zr

shell remains nearly unchanged compared to thalispecies. This indicates the presence of

one Zr atom at longer distance. Assuming that @aatom is symmetrically surrounded by



the same atomic arrangement, one can reasonabiya@ss octahedral arrangement of the
Zr atoms. In such a hexanuclear polyhedron, ea@iafn has 4 nearer Zneighbours and

one Zi at a longer distance. An analysis of the relat€AES fit is provided in Table 2.

Table 2. EXAFS fit parameters of the hexanucleéiVJracetate complex in solid state and
agueous solution of 0.1 M Zr(IV) in 1 M acetic aaidpH 1.5.

Sample Scattering path R/ A N | A? AEx=oleV  F
Solid Zr-O 2119(4) 4  0.0082(6) 0.9 0.23
Zr-0; 2252(4) 4  0.0065(4)
Zr- Zrs 3.545(22) 4  0.0055(1)
Zr-Zn. 5.023(9) 1  0.0055(1)
Solution  Zr-Q 2114(3) 4  00060(3) -0.1 033
Zr-0; 2.258(3) 4  0.0038(2)
Zr- Zrs 3.524(2) 4  0.0046(1)
Zr-zn. 4.986(9) 1  0.0047(1)

R — interatomic distancé — coordination numbeg — Debye-Waller FactoAEx=o — threshold energy shiff,
— error of data fit normalized to numbers of daiants. Coordination numbers are taken from thetatlggyraphic
data of the solid sample, &jas-O)a(s-OH)4(CHsCOO)2- 8.5HO and fixed during the fit procedure. Standard

deviation of the last digit is given in parenthesEse error of distances is[0.02 A.

Fitting of two distances, Zr-{and Zr-Q, to the first split peak is possible because the
difference exceeds the resolution limit. The fitealed the distances Zr:@ 2.119(4) A and
Zr-O, = 2.252(4) A. In the section describing the sirglgstal it will be shown that the short
distance is related withsgoxygen atoms and the long one with pu-O of carbateyligands.
Various attempts have been made to preserve tltenlnsolution species of Zr acetate in a
crystal in order to elucidate the full complex sture by single crystal diffraction. The
success of this attempt can be verified by compgatie EXAFS spectrum of the limiting
zirconium acetate solution species with the spettlithe crystalline material. The
comparison of the two spectra is shown in Figuréhe EXAFS fit of solid sample is
included in Table 2.
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Figure 4. Zr K-edge kweighted EXAFS data (left) and the correspondingrier transform

(right) of the solid sample used for single crystéfraction (top) and the aqueous solution of
0.1 M Zr(lV) in 1 M acetic acid at pH 1.5 (bottom).
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It is evident that the main features in the speatrthe limiting solution species and that of
the solid are identical. It can be expected thatlsdifferences in Zr-O distances result from
influence of hydrogen bonds of water sphere orsthetion species which differ from
intramolecular arrangement of the complex in thyested structure.

The molecular structure of the solid samplehich has been used for the EXAFS
measurements, is determined by single-crystaladifion analysis. Selected crystallographic

data and structure refinement parameters are list€eble 3. The molecular configuration is
shown in Figure 5.



Table 3. Selected crystallographic data and stitetrefinement parameters of the solid

sample Zg(us-0)a(us-OH)a(CH3COO)2-8.5H0.

Chemical formula

F(000)

Formula Mass

Crystal system

alA

b/A

c/A

ol®

pl°

y°

Unit cell volume/&
Temperature/K

Space group

No. of formula units per unit ceZ
Radiation type

Absorption coefficienty/mn?
No. of reflections measur
No. of independent reflectio
Rint

Final Ry values [ > 25(1))
Final WR(F?) values [ > 25(1))
Final Ry values (all data)
FinalwR(F?) values (all data)
Goodness of fit off?

CCDC number

C24H36040 5216
1488
3039.70
Tetragonal
12.605(2)
12.605(2)
13.626(3)
90.00
90.00
90.00
2165.0(7)
296(2)
[4/m
2
Mo-K
1.518
1408
1408
0.0000
0.0677
0.1783
0.0680
0.1784
1.080

1051013

Figure 5. The hexameric Zr Cluster of the solid pEnZrs(pis-O)a(Us-
OH)4(CH3COO)2-8.5H0. Atomic positions are shown with 30% probabititgplacement

ellipsoids. The atoms of the asymmetric unit abeled in black, symmetry equivalent atoms

depicted in grey. Hydrogen atoms are omitted farity.



The compound crystallizes in the tetragonal spase4/mwith 13 atoms in the asymmetric
unit and two clusters in the unit cell. It formshaxanuclear cluster with two symmetry
independent zirconium atoms (Zrl, Zr2) and two swtmnindependent acetic acid molecules
with C1, C2, O3, O4 (Type 1) and C3, C4, 02, O5p@¥). The cluster forms a regular
octahedron bridged by 8zioxygen atoms (O1) and 12 bidentatn-synbridging acetate
ligands (8 x Type 1, 4 x Type 2). Each Zr(IV) hasaardination number 8, caused by 4 u
oxygen atoms O1 and 4 u-O of carboxylate bridggsiréhen atoms have not been located
during the structure refinement. The complex cami@ excess charge as can be verified by the
absence of charged counerions. The Zr-O distancdgeaarboxylate groups vary between
2.223(8) and 2.254(8) A. The Zr-O1 bond shows #adie of 2.161(5) A. The thermal
ellipsoids of O1 and the charge balance in thecgira suggest that O1 represents fouOp
groups and four #O groups, which alternate across the faces obttehedron. The fact that
the oxygen atoms of chemically different oxo anddroxo groups share the same
crystallographic symmetry position seems to bepecty effect of this coordination geometry
[25]. The packing of the clusters in the crystalisture is shown in Figure 6.

Figure 6. Arrangement of clusters in the unit @l Zrs(z-O)a(us-
OH)4(CH:COOQ)2-8.5H0. Hydrogen atoms are omitted for clarity.

Non-bonded water molecules have been found ingheesbetween the clusters. There are two
types of water molecules with different arrangenterthe cluster (see Figure S1, Sl). The one

with oxygen O6 is located on the general positiath Wyckoff symmetryl6i. It connects the

11



clusters via hydrogen bonds to the oxygen atom i etate molecule of type 1. Each of the
8 O4 atoms comprises two possible hydrogen bond9&oof the water molecules. The
hydrogen bond weakens the Zr1-O4 bond which becastigistly longer (2.254(8) A) in
comparison to the Zr2-O3 bond (2.236(7) A). Thestdts are linked to a three dimensional
network though these hydrogen bonds. The acetai 2yforms no hydrogen bonds. The
second type water molecule with oxygen atom Olfibisinvolved in the hydrogen network
but fills the voids between the clusters. The vaidihiout 010 have a volume of 112.15 A
and exploit 5.2% of the unit cell volume. O10 isdted at a special position with Wyckoff
symmetry2a and has an occupation factor of 0.5.

Several similar clusters of zirconium carboxylatesith the general formula
Zre(O)a(OH)4(RCOO), were obtained from organic solutions, e.g. with=RBut and
C(CHg)2Et [25], R = CHCH; [26], R = acrylate [27], Zr6(Q)OH)a(HGIly)4(Gly)4 [28] and
Zrs(0)a(OH)s(OMc)i2, Mc = methacrylate [29], and aps-OH)s(OH)a(x>-bdmpzay with
bdmpza = bis(3,5-dimethylpyrazol-1-yl)acetate [30part of these clusters show carboxylate
in bidentate chelating coordination whereas theestigated structure es-O)a(us-
OH)4(CH3COO)2- 8.5H0 shows exclusively bidentate bridging acetatenlitza

The zirconium atoms of these carboxylate stabilihedanuclear clusters show usually a
coordination number of 8. It should be noted tletatvalent actinide elements (An) form
similar hexanuclear clusters with acetate and othdooxylates [31-40]. They show, related
with their larger ionic radii [42], usually a coandtion number of 9. Figure 7 shows the trend
of the average metal-metal distances in the hexeauclusters offlzr** and thel®An*
elements Th(IV), U(IV), Np(IV) and Pu(lV) in relain to the metal ion radii.

4'0f | | | | | | | ]
3.9 Th+ N=9 .
3.8 U} }% :

<L ] Np ]
s 3.7 Pu ]
[ad ] e ]
3.6{ \\ N=8 7
351 - ]
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Figure 7. Metal-metal distancesvl and related coordination numbers N in hexanuclear
Me(O)2(OH)4(RCOO) clusters as function of the metal radii r

The increased coordination number of Hi@lements possess in addition to thex4Oufrom
oxo and hydroxo groups and 4 oxygen atoms fromosagthtes one single terminal solvent
molecule. This correlation reveals a relationshipnwetal radius and cluster size and

demonstrates large flexibility of this specific cdmation mode.

The similarity of the EXAFS spectra of the Zr atetspecies in aqueous solution and the
crystalline sample, as shown in Figure 4, sugdegtthe limiting species is a charge neutral
complex with the stoichiometry &fz-O)a(u3-OH)4(RCOO) .. With this knowledge and the
known structure of the initial solution speciess[@H)s(OH.)1¢®* we can formulate the

reaction scheme as follows:

3 Zra(p2-OH)s(H20)16%* + 24 CHCOOH
— 2 Zrs(p3-O)a(u3-OH)a(CHsCOO)2 + 56 HO + 24 H

The formation of the hexanuclear complex(@)4(OH)4(CHsCOOQO). requires the destruction
of the initial tetranuclear complex and the forroatan intermediate speciébl and*3C

NMR spectra provides hints to the existence of sntdrmediate species (see supporting
information, Figures S2-S4). The suggestion thabnium acetate forms tetranuclear species
with bidentate chelating acetate ligands [6,11¢1i2jld not be confirmed. Due to the high
stability it might be assumed that#DH)s(H20)16®* polymerizes further by linking two
tetranuclear complexes to an octanuclear one. Ocl@ar Zr(1V) hydrolysis species were
experimentally observed by [43]. The authors idediwith small-angle X-ray scattering a
hydrolysis complex Z(OH)2o(H20)24'%*. We can exclude the formation of significant
amounts of an octanuclear complex in presenceeatfite Such complex could be identified

with EXAFS spectroscopy by a next-neighbour seqe@irs = 3, Zii1 = 3, and Zi2 = 1.

Conclusions

This study was performed to determine the struadfizfr acetate species in solution under
equilibrium conditions. The presence of a hexararcke(lV) acetate complex in aqueous
solutions of 0.1 M Zr(IV) at pH 1.5 was identifibg means of Zr K-edge EXAFS

13



measurements. This solution species was presem@gstals of Zg(juz-O)a(us-
OH)4(CH3COO).- 8.5H0. The comparison of the complex in solution ardisiate allows
the identification of the hexanuclear specieg|O)a(13-OH)s(CH3COO) 2 as dominant
species in solution. The hexanuclear acetate sp&ei®)s(OH)4(CH3COO)2 cannot be
formed directly from initial tetranuclear hydrolgsspecies [Z{OH)s(OHz)1¢]%". It is likely

that the tetranuclear species will be transfenned fiirst step in an intermediate mononuclear
or binuclear species which may act as building lbloficthe thermodynamically favourable

hexanuclear species.
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