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Abstract: Small-angle X-ray scattering measurements were performed on zirconium acidic aqueous solutions to
investigate the structure and the size of polynuclear species larger than the previously identified tetrameric species.
Solutions with [H]agdgegand [OHJaggegranging from 0.0 to 1.0 M and 0.0 to 0.02 M, respectively, were analyzed.
This study demonstrates that an octameric specigfOB)o(H20)24Cl12, exists in equilibrium with the tetrameric
species, Z(OH)g(H20)16Cle?", such that, for 0.05 M Zr(1V) in highly acidic solutions ([ffhdded= 0.6 M), the
tetramer is the dominant species; and at conditions with]fideq < 0.05 M, the octameric species becomes
predominant. The estimated value of the equilibrium quotient obtained for the tetramer/octamer equilibrium is 0.20
+ 0.05 MB. The tetramer and octamer have radii of gyration of 3.8 andt50.2 A and a hydrolysis ratio of 2.0

and 2.5, respectively. The octamer forms by stacking two tetramers on top of each other. At conditions where
small amounts of NaOH are added, unidentified polymeric Zr(IV) species larger in size than the octameric species
appear.

Introduction described that either on refluxing or on increasing the pH of

the solution, these tetrameric units aggregate as two-dimensional

sheets to eventually form gels or precipitates. Fryer ét al.

in metal ion aqueous chemistry. We are particularly interested cqnducted .electron microscopy studie§ on zirconium oxychloride
. dried solutions and supported Clearfield's theory of the forma-

in the hydrqu5|s chemistry of heavy-metal' lons due' to their tion of two-dimensional tetrameric sheets. Johnson and Rraus
importance in agueous nuclear fuel processing operations. The

. . observed that 0.05 M ZrOglsolutions, with<0.2 M added
of partiouiar concer in this laboratory bocause these ttravalent2Sc COTIaN polydisperse zitconium speces having an average
orp : . . ry : . -~ “degree of polymerization of10. Hannane, Bertin, and Bodix
ions occur (especially zirconium and plutonium) in processing

situations. Although there are similarities in their chemical studied ZrOC]J solutions with different zirconium concentrations
behavior which merit considering them as a group, extensive and varying hydrolysis ranges using Raman spectroscopy and

) D : . ; . proton NMR. They have also reported that the tetrames-[Zr
differences distinguish their hydrolysis chemistry. In particular, : . - -
Th(lV) and Pu(IV)ghydronze a)r:d aggregate immédiateﬁy to form (OH)s(H20)¢|°" is the major species in aqueous solutions. The
large polymer networks while Zr(IV) hydrolyzes in acidic addition of the OH ions to the tetrameric solution leads to
solutions to first form the tetrameric UMFZr4(OH)s(H0)1gl", formation of large species in which double hydroxyl bridging

rior to more extensive aggregates of the tetrameric2unit bonds, Z+-(OH),~Zr, are converted to 2rO—Zr bonds
P . '€ aggreg . ) through aging and loss of water. They have further suggested
The hydrolysis of zirconium in aqueous solutions has been

. . . . ) ) ) that the predominant species before the gel formation contains
previously investigated using various techniques that include P b 9

Raman spectroscogywide and small-angle X-ray scattering eight zirconium atoms which are bridged with an oxygen atom
(SAXS)25 7 and ultracentifugatiof. The existence of the fo each other. Ohtsuka, Hayashi, and Sidaund three

. X L e zirconium polynuclear species in zirconium oxychloride solu-
8+ - S ! . X .
zirconium tetramer [Z(OH)a(H2O)¢|** in highly acidic aque- tions in their study of microporous clay intercalation compounds
ous solutions has been confirmed both by hydrolysis stédies

. | repared by the cation exchange on clays swollen with the

and by comparison with the crystal structure of Zr@8H,0 210 P : : See -
whichy contgins discrete tetilameric units Clearﬁzéldhas 2queols zireonium po!ynu;lear lonic species. It was postulated
) that the major species is the tetramer that exists as an

Metal ion hydrolysis has been an important subject of study
for more than a century due to the significant role which it plays
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Aberg and Glaséf in an1’0 andH NMR study found that 40% depending on chloride ion concentration and thickness of the
the zirconium tetramer formula in aqueous solutions can be Teflon spacer.
written as [Z5(OH)s(H20)sl(H20)gll] & in which there are two . The SAXS expe_riments_ were conducted on the 10-m SAXS
inert and two labile water molecules per zirconium atom. SAXS instrument at Oak Ridge National LaboratéfyThe X-ray source was
investigation by Jutson et &bn refluxed zirconium oxychloride a iz'kvr\]/ Rigaku rotating angde genﬁ_r ator opelr ated atr:lo kv andTlr(l)O
solutions led them to postulate that rod-like particles of varying mA with a copper target and a graphite crystal monochromator. The

. . . SAXS system also uses a pinhole collimator and ax2P0 cn? two-
length but constant cross-sectional radius are produced. Theirgimensional position-sensitive counter of 6464 virtual channels. A

conclusions were in contrast to Clearfield’s theory for the 1.cm diameter lead beam stop was used to absorb the scattered X-rays
aggregation mechanism for tetramers. close to the zero angle. The sample-to-detector distance was set at

From the above discussion, it can be seen that while the 1.069 m, which gave a scattering vectypr= 47 sin 6/1, of 0.03 to 0.5
tetramer is quite well established in the literature, the chemical A%, where 2 is the scattering angle anidis the wavelength of the
mechanism of aggregation of these tetramers to form otherX-ray. The sample scattering was corrected for detector sensitivity,
discrete species apart from the tetramer is still not clearly dark current, and the background solvent. The background scattering
understood. In our earlier wofkye reported on the small- using hydrochloric acid solvent was measured in the same cell with

) . - . . . the same concentration of hydrochloric acid as that in the sample. The

angle X-ray scattering from aqueous zirconium nitrate solutions

hich believed . domi i . . measured scattering intensitywas calibrated in absolute units using
which were believed to contain predominantly tetrameric species porous-vitreous-carbon secondary standard previously calibrated by

based on the reportédnydrolysis equilibrium. However, on  ryssell, Lin, Spooner, and Wignall. Therefore, it is possible to convert
extending this work to other acidities and examining the all the measured intensities to absolute units of £mit is estimated
aggregation process, it was apparent that other relatively simplethat the error for individual (0) data points is approximatelz10%
species could also grow in as had been indicated by some ofand is the basis for error bars shown in Figures 2 and 6.

the previous investigators. Therefore, the purpose of this study ] ] )

was to extend the zirconium oxychloride solutions as a function Numerical Analysis of Scattering Data

of the pH using the SAXS technique to identify other species  The X-ray scattering depends on the number of particles, the

in equilibrium with the tetramer in solutictf. From SAXS  electron contrast between the particle and the medium, and the
measurements, it is possible to determine the electronic radiussjze of the particle$?

of gyration of particles (i.e. root-mean-square distance of all
scattering elements (electrons) from the center of gravity) and 1(q) = 1(@N,(Apv)? exp(—’R %/3) 1)
the absolute intensity at zero angle (a measure of the molecular ’ g

weight of particles) which was not provided by previous \ynerey is the volume of the particlel, is the number of
experimental studies. With these two physical quantities, we particles per unit volumeRy is the radius of gyrationl is the
can obtain new structural information about the zirconium scattering from a single electromyp is the electron density
polymeric species in the solution. difference between the particle and the medium, qrisl the
scattered wave vectog, = 4 sin 6/, with 26 the scattering
angle andl the wavelength of X-rays.

The aqueous stock Zr(IV) solution of 0.2 M concentration was ~ From eq 1, it is clear that the plot Invs g2 will be linear
prepared by dissolving ZrOgBH;O crystalline material (99% pure  and theR, of the particle can be determined from the slope of
and supplied by EM Chemicals) in water. Solutions with an added this line. The Guinier law is at least valid far< 1/R;, and it
H* concentration, [M]aiwes Were prepared by mixing an appropriate s not the function of the particle shape for this rangeyof
amount of 1.8 M HCl and zirconium stock solution to form the solutions The intensity at zero angl&0), obtained by the extrapolation

having [Haasea ranging from 0.0 to 1.0 M. In another set of ¢ Gyinier's law toq = 0, gives information about the number
experiments, an appropriate amount of 0.1 M NaOH (Fisher Scientific of particles and the number of electrons in each particle:
Reagent) and zirconium stock solutions were mixed to obtain a ’

[OH]adgea vValue for solutions ranging from 0 to 0.02 M. The final

Experimental Procedure

— 2
concentration of zirconium in all solutions was 0.05 M. Scattering 1(0)= |e(0)Np(APV) @)
measurements were made on solutions aged between 1 and 8 days at
room temperature. Equations 1 and 2 were developed originally for monodisperse

The pH was measured with a glass combination electrode. Becauseparticles. In the case of polydisperse systems, the observed
the pH electrode gives a measure of the activity when the NBS standardsradius of gyration and the intensity at zero angle can be
are used rather than the concentration dfiths, the following method expressed as follow&19
was used to determine the {Hrom the pH measurements. A standard
KCI solution with known H concentration was prepared from stock N
hydrochloric acid and was used to calibrate the pH scale. The pH and (Npi(ApiUi)z(Rgi)z)
the ionic strength of this solution were close to those of the zirconium & ' '
solution. This procedure has the uncertainty represented by the Rg2 = 3)
difference in activity coefficientyy+, in zirconium and KClI solutions N 2
of the same ionic strength and also from the changing liquid junction Np,i(Apivi)
potentials in the standardization and measurement steps. The measured =
[H*] from pH measurements should equal the [idiea most of the N

time because the concentration of Zr(IV) is so low.
) 10)=140) Y Ny (Ap) @)
£

SAXS data were obtained from the aqueous samples contained in a
titanium metal cell fitted with mica (0.0003-in.-thick) windows. The
sample path length ranged from 0.7 to 0.75 mm (determined by the
thickness of a Teflon spacer measured at the termination of each

experiment) with a resulting X-ray transmission that varied from 30 to (16) Hendricks, R. WJ. Appl. Phys1978 11, 15.
(17) Russell, T. P.; Lin, J. S.; Spooner, S.; Wignall, G. D Appl.

whereNp; is the number density of théh particle,; the volume

(14) Aberg, M.; Glaser, Jnorg. Chem. Actd 993 206, 53. Crystallogr. 1988 21, 629.
(15) Ramsay, J. D. F.; Swanton, S. W; Richardson, R. M.; Dent A. (18) Guinier, A.; Fournet, GSmall Angle Scattering of X-raysphn
Synchrotron Radiation, Appendix to tigaresbury Annu. Repl988/89 Wiley, New York, 1955.

38. (19) Singhal, A.; Keefer, K. DJ. Mater. Res1994 9, 1973.
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of the particle Ry; the radius of gyration of thgh particle and
Api the difference in electron density of the particle and the
medium.

The Guinier law does not give any information about

the shape of the particle. Therefore, to determine the shape of
the particle, a complete scattering curve should be calculated.
The scattering of a particle in the gas phase can be written as

follows:1®

mpﬁwzimHimem
i= =T 13

whererj; is the distance between two atomds the scattering
vector,F(q) is the structure factor, arfdis the atomic scattering
factors and is calculated by

4 q P
g o)

The coefficientsy;, by andc for each kind of atom are listed in
the X-ray International Table Z.

sin@ry)
qri

©)

+c (6)

The electron density of the gas phase is, of course, negligible.

However, in the case of polynuclear clusters or complex ions

in solutions, such as in zirconium agueous solutions, the particles
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[OH], 40 = 0.01 M
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must be treated as embedded in a medium of finite electron Figure 1. The Guinier plot for solutions with different acidities.

density. To correct for the medium, one can calculate the
number of electrons in the volume of the medium displaced by
the particle and divide that by the total number of atomic

scattering centers to arrive at an effective number of electrons,

fo(), to be subtracted from each atom. Tik(g) was considered
to be proportional tdi(q) since theq dependence ofi(q) is
very small at small angles. The scattering function for poly-
nuclear clusters can be expresse#f as

S (@) -

1=

(o) = Z(fi(q) — fy(a)* + i

sin@r;)

fuo(@)(f;(@) — fu(aD) @)

_ [YPm fi(Q)
wa - (22 1)

wherev is the volume of the particlegm the electron density
of the medium, and is the total number of atoms in the particle.

ij

where,

®)

8 0.22
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Figure 2. The R, and I(0) plotted as a function of [Haddes and
[OH Jaddea

the volume of the particle can be calculated by eq 9 if one knows

From eq 7, the scattering curve of a polynuclear species can bethe number de_nsitylof particles in solution, tg and thei (0)
calculated if the relative atomic positions of each atom in the in absolute unit cmt.

species and the electron density of the solvent are known.
In case the particle volume in solution is uncertain, eq 2 can
be rewritten as follows
1(0) = 1{0N,(Z, = vp)° ©)

whereZ;, is the number of electrons in the particle. Therefore,

(20) Warren, B. EX-ray Diffraction, Dover Publications, Inc.: New
York, 1990.

(21) International Table for X-ray Crystallographibers, J. A., Hamilton,
W. C., Eds.; The International Union of Crystallography by The Kynoch
Press: Birmingham, England, 1974; Vol. 4.

(22) Singhal, A. Ph.D. Thesis, University of Cincinnati, Cincinnati, OH,
1994.

(23) In the Zr(IV) system, the initial species are relatively small by

colloidal standards and represent an important transition from the solution
condition to colloidal aggregates. We shall refer to these species in the

aqueous system a®lutions but there is little to distinguish these from
large polymeric sols other than size.

Results and Discussion

Solutions having a range of [Hlaggesfrom 0.0 to 1.0 M were
studied. A few solutions were also studied by adding various
amounts of NaOH to zirconium oxychloride solutions. The
Guinier plots, Inl vs ¢?, wherel is the measured absolute
intensity of some of the solutions with different acidities are
shown in Figure 1. All of the scattering data are shown along
with the error bars. As seen from eq 1, the linearity of the
plots in the Guinier region is indicative of a relatively mono-
disperse system at higher acidity and thus permits the determi-
nation ofRy. The linearity that extends well beyond the Guinier
region is unusual for these hydrous polymeric systems. With
decreasing acidity of the solution, the increase in the slope of
the line suggests that larger species are forming. Rjand
[(0) values determined in the Guinier region for various solutions
are shown in Figure 2. For [Haddgeqranging from 1.0 to 0.4



11532 J. Am. Chem. Soc., Vol. 118, No. 46, 1996 Singhal et al.

M, both Ry andl(0) do not change significantly. This suggests 0.06
that the species in solutions is largely unchanged for] {ided
of 0.4 to 1.0 M, and in earlier studiés, this species was
identified as the tetramer [fIOH)g(H20)16]8".

It is instructive to fit the scattering data to a chemical model.
In order to fit the scattering intensities at high acidities to a — = Zr (OH)(H,0),*
tetrameric model, it should be realized that any chloride ions
associated with the species will have a relatively large effect
on the intensities because of their high electron density and,
therefore, must be included in the scattering model. (However,
the nature of this bond has only been thought of previously as
“partial”.1") Two possible coordination extremes can be used
to represent the tetrameric species, one with and one without
associated chloride ions ZOH)g(H20)16Cls and [Zi(OH)g-
(H20)16]8", respectively. In the ZtOH)g(H,0)16Clg Species,
chloride ions are arranged in the second coordination sphere of
the zirconium atoms, probably bonded by electrostatic forces
to the tetramer [ZKOH)g(H,0)¢]8". Crystal structure studi&¥’
on ZrOChk-8H.0 single crystals have demonstrated two different
sites for chloride ions around the tetramer designated as ClI
and C}, respectively. The chloride ions on site;@re likely
not part of the tetramer in the solution, probably due to the 0.0 0.1 0.2 03 04 0.5 0.6
high dielectric constant of the water. A plausible geometry for a®Y)
the zirconium tetramer can be derived from the crystal structure
data of the ZrOGF8H,O single crystdl using the atomic
positions as found in the crystal structure data, and this
geometry, in turn, can be used to calculate the radius of gyration

of the tetramer. greater than zero, thgy as well asl(0) increase very rapidly
The calculatedRy values for the [Zi{(OH)g(H20)16]%", suggesting that larger molecular weight species have also
[Zr4(OH)s(H20)16Cle] 2", and Zu(OH)s(H20)16Cls species are  formed. The radius of gyration increases from 3.8 to 5.1 A as
3.2,3.8, and 3.95 A, respectively, neglecting the scattering from the [H]agqecdecreases from 0.4 to 0.0 M while tH) increases
the hydrogen atoms due to their low atomic number. (The in a systematic manner. Since the scattering intensity is
schematic of the tetramer is shown in several referéneéég1° proportional to the square of electrons, the obseRgahdl(0)
with the geometery of the three tetrameric species consideredwill be dominated by the larger species. For example, if two
here differing only in the number of chloride ions in the second species withRy's of 8.0 and 5.0 A exist in the solution, the
coordination shell.) The observeg, for the solution with a observedRy will be close to 8.0 A rather than 5.0 A. This
[H*]adgeqOf 1.0 M is 3.84 0.2 A, which is close to th& of suggests that smaller polynuclear species (tetramers) are forming
two species: [Z(OH)g(H20)16Clg)>™ and Zz(OH)g(H20)16Cls. larger polynuclear species as the pH increases. This is also
This analysis leads to the conclusion that the species supported from the Guinier plots (Figure 1) that a monodisperse
[Zr4(OH)g(H20)16Cl €7 is to be considered as the scattering tetrameric species system at arJkhqeqof 1.0 M converts to
entity in these solutions instead of [OH)s(H20):¢%". The another monodisperse polymeric species system at no added
previous wide-angle X-ray scattering studiésn zirconium acid with a larger size than the tetramer.
oxychloride aqueous solutions also concluded that the tetramer Johnson and Kra@isave postulated that for this pH range,
is associated with chloride ions. This conclusion is consistent the average degree of polymerization increases from 4.0 to 10.0,
with the realization that the high electron density associated but they did not propose any specific species appearing in
with the chloride ions contributes significantly to the scattering addition to the tetramer. However, the current SAXS data can
and therefore must be considered in the species identification.be explained by the appearance of a species having a radius of
The Scattering curve of each tetrameric Specie&‘(@ﬁ)g_ gyration closeto 5.1 A and an OH/Zr ratio more than 2.0. The
(H20)168*+, [Zr4(OH)g(H20)16Cls] 2+, and Za(OH)s(H20)16Cle) octamer [Z§(OH)20(H20)24Cl17] is just such a moiety, and there
was calculated using eq 7 to test the effect of chloride ions on are two possible configurations that should be considered for
the scattering intensity and, if successful, to thus demonstrate@n octamer (Figure 4). In Figure 4a, two tetramers are attached
that SAXS measurements can be used to deduce the constituent§ sheet-like fashion through two double hydroxyl bridges
of such small species. The calculated scattering curves ofbetween matching edges, while in Figure 4b, they are stacked
species Z{OH)s(H20)16Cls, [Zr4(OH)s(H20)16Clg]?t, and [Zt- on top of each other attaching themselves with four single OH
(OH)g(H20)1¢]8" were adjusted to the experimental curve at an bridges. The calculatel§y values in the two cases are 5.4 and
[H*]adgea OFf 1.0 M using a scaling factor which scales the 5.0 A2 respectively. (The two octamer geometeries were based

theoretical intensity unit,2eto the laboratory unit, cr. Figure on the crystal structure data of the ZrQ@H.O single crystaf)

0.05 |- Zr (OH),(H,0),,Cl,

— Zr (OH)(1,0),01"

o
-3
&

i

ind
=}
w

Intensity (cm™)

0.02

0.01

Figure 3. The calculated scattering curves for three species, namely
Zr4(OH)g(H20)16CIg, [ZI’4(OH)8(H20)1G]8+, and [ZE(OH)g(Hzo)]_eCle]er-
are compared with the experimental curve at]iidses= 1.0 M.

3 ShOWS_ that the scattering curve from the‘![DH)B(HZO)lG' (24) Thefy(0) (equal to 6.4) required in eq 7 was calculated using egs 8
Clg 12" fits the data best, while the scattering curve ofsfZr  and 9. The tetrameric species J@DH)s(H20)1Cls]2+ has been considered
(OH)g(H20)14]8+ does not fit the data at all and algs (i.e., for the fy(0) calculations for the observé@) at 1.0 M [H]agdeasolution.

. L Considering Zi{(OH)s(H20)1¢Clg instead of [Z§(OH)g(H20)16Clg]2" for the
the residual) for the fit is smaller for the [4OH)s(H20)e- fp(0) calculation introduces an error of 10% fu0). However, this error

Clg]?* species in comparison to ZOH)s(H20)16Cls species? does not significantly affect the calculated scattering curve for the tetrameric

; ; i i species.
Until now we have only discussed solutions having Iidsed (25) The average bond length forZ®H is 2.15 A? Therefore, the Z¢

greater than 0.4 M. On furt_herdecreasing the acidity {ed OH-Zr bond length was considered 4.3 A in the radius of gyration
< 0.4 M), bothRy and(0) increase. At an [OHagdeqvalue calculation.
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Figure 4. The representation of two octamer configurations: (a) sheet
octamer and (b) stacked octamer.
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Figure 5. The calculated scattering curves for both geometries of the
octamer and the tetramer [OH)g(H20)16Clg]?™ compared with the
experimental curve at no added acid.

Due to small differences in the calculated radii of gyration for

J. Am. Chem. Soc., Vol. 118, No. 46, 191983

scattering curve at high pH and also determine which octameric
species fits the data best. The calculated scattering curves of
octameric species [4{OH)20(H20)24Cl17 and the tetrameric
species [Zi(OH)g(H20)16Cls ]+ were scaled to the experimental
curve at no added acid. Figure 5 shows the calculated curve
along with the previously determined [ZOH)s(H20)16Clg]2"
superimposed on the data. It is clear octameric species fit the
data best and the tetramer jZDH)g(H.0)16Clg]2™ does not fit

the data at all. The scattering curve calculated for the sheet-
like octamer deviated at small as well as lage From the
analysis, it appears that the octamer forms by stacking two
tetramers on top of each other rather than by connecting them
in sheet like fashion.

Increasing the [H]aqgeqOf Solution causes a progressive shift
to all tetrameric species and the degree of control between these
two species suggests they occur in equilibrium. Therefore, to
explain our scattering results, we have developed an equilibrium
model for the tetramer/octamer distribution and have used this
model to fit the experimentally observ&y and thel(0). The
equilibrium between these species is described in the following
paragraphs.

Equilibrium Model between Tetramer and Octamer. The
equilibrium between the two species is described as follows:

2[Zr,(OH)g(H,0),,Cle] e
[Zrg(OH),(H,0),4Cly ] + 4H + 4H,0 (10)

Q = [Zrg(OH),o(H,0),,Cly[H +]4/ [(Zr4(OH)S(H20)16C|6)2+]2
(11)

In addition to eq 11, there is a mass balance equation because
of the fixed zirconium concentration of 0.05 M in the solution.

4[Zr,(OH)g(H;0),6Clel** + 8[Zrg(OH),(H,0),,Cly,] = 0.05 (12)

Although in the equilibrium equations chloride ions have been
included, we believe that the chloride ions are part of both
species and affect only the SAXS results, not the chemical
equilibrium between the tetramer and the octamer since free
chloride ions do not appear in eq 10. The two simultaneous
egs 11 and 12 can be solved for the concentration of both
species, assuming that the fHcan be obtained from the
measured pH of the solution. The distribution of the tetramer
and the octamer can be calculated as a function of pH of the
solution from eqs 11 and 12 if the equilibrium quotie@t,for
the octamer formation is known. From the concentration of
these two species, the appar&gtand thel(0) that would be
observed in the SAXS experiments can be calculated from eqgs
3 and 4. ltis evident from egs 3 and 4 that the calculation of
the average values d%; and1(0) for a specific distribution
requires knowledge of the electron density difference of each
species from that of the medium. Therefore, the average number
of solvent electrond,(0) (for each atom in the particle which
is equal to 6.4), was subtracted from the scattering of each atom
in the species. The effective radius of gyration and number of
excess electrons in each species are listed in the Supporting
Information.

From the above equations, we can fit the experimentally
observedRy andl(0) with the calculated®y andl(0) as a function
of the pH, using the equilibrium quotient and the scaling factor
which converts the calculated intensity in electron uni®%, e

the two octameric structures, we cannot distinguish betweencm?, to the laboratory scale, cth A nonlinear least-squares

the two based oy consideration alone.

fit was performed, using statistical weighting of bd® and

As was done for the tetrameric species, the scattering curvesl(0) with Q and the scale factor as fitting parameters. In the
of both octameric species (stacked and sheet like) werefitting procedure, theRy of octamer formed by stacking two

calculated using eq 7 to compare with the experimental

tetramers was considered. The agreement between the experi-
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Figure 6. The experimentaRy and I(0) values are fit with those Figure 7. The distribution of zirconium ions in the tetramer
calculated from the tetramer/octamer equilibrium model as a function Zry(OH)s(H20)16Cls2+and in the octamer gfOH).o(H20).4Cli2 as a
of the pH of the solution. function of the pH of the solutions.

. . . . earlier work. The radius of gyration of the tetramer is 3.7 A
mentally measured radius of gyration and the intensity at zero 54 the hydrolysis ratio is 2.0, while the octamer has a radius
angle over the pH range StL,",j'e,d IS quite gooq (Figure 6). The o gyration close to 5.0 A and a hydrolysis ratio of 2.5. The
estzlénated value of the equilibrium qzléotlen;, Is 0.20+ .05 geometry of the octamer is close to that of the stacked octamer.
.M' _The sc_all_ng factor of 7'9.& 107*" obtained from _the fit The tetramer is a predominant species in solutions having
is satlsfacgce)nly in agreement with the Thomson scattering factor, [H+]agcea greater than or equal to 0.6 M. On decreasing the
7.8 x 107 . o ! [H ™ added(<0.6 M), the octameric species begins to appear, and

The species dlstrl_butlon calculatgd from the flt'_[ed value _of at [H']addea< 0.05 M, most of the zirconium is present as the
the equilibrium quotient as a function of the pH is shown in octamer.
the Figure 7. For the initial pH of solutions(Q.3), most of
the zirconium is present as the tetramer, while upon further  Acknowledgment. The authors thank Steven J. Henderson
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