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An X-Ray Investigation of Some Aqueous Zirconium(IV) Halide,
a Hafnium(IV) Chloride, and Some Zirconium(IV)

Perchlorate Solutions
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The X.ray scattering from aqueous zirconium-
(IV) halide, hafnium(IV) chloride, and zir-
conium(IV) perchlorate solutions has been
measured. The mol ratios X/Zr=1 and 2
(X =Cl or Br) and Cl/Hf=2 have been studied.
The mol ratio C10,/Zr has been varied from 1.7
to 4.3. The experimental data, excluding
X/Zr=1, are consistent with the formation of
a predominant tetranuclear complex, [M,(OH),-
(H 0) '+ (M=Zr or Hf), with a structure
similar to that of [Zr,(OH)y(H,0),,]Cl;.12H,0
(=Zr0Cl,-8H,0) known from the solid state.
Part of the halide ions are associated with the
complex, and possible sites for these ions are
discussed. For X/Zr=1 the scattering data
indicate the formation of polymers,
[Zr,0,(0OH) 34 (H,0)g4-22144 T, built up from the
discrete tetramers, (Zr (OH)y(H,0),]®+, linked
to each other through new O or double HO
bridges in a random way.

Zr(IV) and Hf(IV) are known to undergo com-
plicated hydrolysis even in very acidic aqueous
solutions. The large amount of experimental
results from solution chemistry studies of these
metal ions has been reviewed by, e.g., Solovkin
and Tsvetkova,! Caletka,® Hala,® and Larsen.!
From a compilation of published data Solovkin
and Tsvetkova have concluded that there is no
justification for the existence of the zirconyl
ion, ZrO2+, in aqueous solutions. The infrared *
and Raman ® spectra of some Zr(IV) salts also
show no evidence for the presence of the Zr=0
group.

The predominant hydrolyzed complexes of
Zr(IV) and Hf(IV) are polynuclear even in very
dilute (> 10~*—10—2 M) solutions of high acidity
(1—2 M). Various experimental techniques such
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as ultracentrifugation, spectrophotometry, po-
tentiometry, light scattering, diffusion, and
extraction have been utilized to characterize
these complexes.” Species such as M3(OH) 5+ and
M,(OH),*+ have been suggested, and in some
investigations formation constants have been
derived from the experimental data. The studies
are complicated by the slowness with which the
systems attain equilibrium.

Direct proofs for the existence of discrete
polymeric species have been provided by Clear-
field and Vaughan ® and by Mak ® through the
determination of the crystal structure of
ZrOCl,-8H,0. This structure, which will be
discussed more in detail below, is built up from
the tetramers [Zr,(OH)y(H;0),4]*+ linked to
each other through chloride ions and water
molecules. An X-ray diffraction study of aque-
ous solutions of zirconium and hafnium halides
has been carried out by Muha *° to see whether
or not the tetramer [M,(OH),(H,0,,]**+ remains
intact when the compound MOX,-8H,O is
dissolved. The results, which will also be dis-
cussed below, indicate that a tetramer with a
structure similar to that in the solid state is the
predominant complex in solution.

Thus, it has now been clearly shown that
tetramers are the predominant polynuclear
complexes for Y/M =2, where Y is a weak com-
plexing anion like CI~, Br™, or Cl10,~. But very
little is known about the structures of the species
at other stages during the hydrolysis. In the
present investigation zirconium perchlorate
solutions with ClO,/Zr mol ratios between 1.7
and 4.3 have been studied to see what structural

2



172 Miirtha Aberg

changes occur on acidification. No solutions
with X/Zr > 2.5 (X =Cl or Br) and a sufficiently
high total concentration of Zr can be prepared
because the solubility of ZrOX,-8H,0 decreases
as the amount of excess acid is increased. Also
two zirconium halide solutions with X/Zr=1,
the minimum value obtainable, have been
studied. Here higher complexes than tetramers
are suggested to be the predominating species.*
As the data collected by Muha ! are not as
accurate as those which can now be obtained,
the scattering from some solutions with X/M =2
has also been measured for comparison.

EXPERIMENTAL

Preparation and analysis of the solutions.
Hydrous ZrO, (zirconium hydroxide) was pre-
cipitated by NH, from aqueous solutions of
Zr0OCl,-8H,0 (p.a.). It was then dissolved in
aqueous HCl, HBr, or HCIO, of known con-
centrations. HfO, (p.a.) was melted with
Na,B,0,:10H,0 and the melt was then dissolved
in HCL. Hydrous HfO, (hafnium hydroxide) was
precipitated from the solution by NH; and was
subsequently dissolved in ~aqueous HCl of
known concentration. All solutions were allowed
to stand on the water bath for about one month
before measurements were performed.

The amount of Zr or Hf was determined by
precipitation using NH, and ignition of the
hydroxide to ZrO, or HfO,. The total amount of

anion present was determined by passing a

ortion of the solution, from which the metal
lons had been removed by precipitation and
filtration, through an H+-saturated cation ex-
changer. The free acid was then titrated with
standardized NaOH. The densities of the solu-
tions were determined pycnometrically.

The compositions of the solutions investigated
are given in Table 1.

Measurements of the X-ray scattering. The
diffractometer was the same as described pre-
viously.1—12 MoK radiation (Ag,=0.7107 A) was
used for the measurements on the hafnium
solution. For the zirconium solutions all scatter-
ing curves were measured with AgK radiation
(Aga=0.5608 A) to avoid fluorescence. A Philips
X-ray generator PW 1130 was used. All meas-
urements were carried out at 25 °C.

The scattering was measured at discrete
points from 6=1° up to 6="170° 26 being the
scattering angle. The opening slits used were
1/12, 1/4, and 1°. The scattering data were
recalculated to a common slit width from meas-
urements in overlapping regions. Usually 40 000
counts were taken for each point corres; ondin%
to a statistical error of 0.5 9%. For 8< ~20
(or 6° for some solutions) points were measured
at intervals of 0.1° and for 6> ~20° (or 6°)
intervals of 0.25° were used. All measurements
were made twice.

Treatment of the intensity data. All calculations
were carried out on an IBM 360/75 computer
with the use of the KURVLR and PUTSLR
programs.¢

The measured intensity data were corrected
for polarization in the sample and in the mono-

Table 1. Compositions of the solutions. The volume of a stoichiometric urfit of solution containing one
Zr(Hf) atom=V (A?%). nyo = number of HO groups per Zr(Hf) atom as estimated from the analyses. I=

halide solutions, II = perchlorate solutions.

Solution I:1 1:2 I:3 14 I:5 II:1 II:2 II1:3 11:4 I1:6
Concentration in mol/l

Hf 1.729

Zr 2.598 3.822 3.124 3.269 2.663 2.880 3.007 2.445 2.074
Br 6.418 3.235

Cl 3.485 4.974 4.003 4.462 6.689 8.409 8.649 8.925
(o) 55.52 55.18 57.58 51.98 56.02 67.00 70.94 73.05 72.96 72.59
H 107.61 104.95 103.87 97.89 102.21 92.12 83.53 76.21 75.569 74.41
Number of atoms in the unit of volume V

Hf 1.000 .

Zr 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Br . 2.055 0.990

Cl 2.015 1.914 1.047 1.675 2.322 2.797 3.537 4.303
[0} 32.10 21.24 15.06 16.64 17.14 25.16 24.63 24.30 29.84 35.00
H 62.22 40.39 27.17 31.34 31.27 34.59 29.00 25.01 30.92 35.88
Ngo 1.985 2.086 2.953 1.945 3.010 2.326 1.678 1.203 0.463 —0.303
14 960.2 639.0 434.4 531.6 508.0 623.6 576.6 552.3 679.2 800.6
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chromator by dividing by the factor (1+cos 2«
cos? 20)/(1+ cos 2a), where 2« is the scattering
angle at the monochromator.!* Corrections for
multiple scattering were applied, but they were
almost negligible.!* The incoherent scattering
passing through the monochromator was
estimated in the way described previously.!1,1218

For each solution the intensities were normal-
ized to a stoichiometric unit of volume contain-
ing one Zr or Hf atom (Table 1). The scaling
was done by comparing the observed intensities
corrected for polarization and multiple scatter-
ing, I.,o(8), where s=4xn sin 0/1, with the
calculated sum of the independent coherent and
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Fig. la. Reduced intensity functions, (s),
multiplied by ¢ for the halide solutions. The
experimental values are given as dots. The full-
drawn curves represent intramolecular con-
tributions calculated with the use of para-
meters given by Mak,® in Table 2, and in the
text.
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Fig. 1b. si(s) functions for three of the per-
chlorate solutions. The fulldrawn curves have
been calculated with the use of parameters
given by Mak ® and in the text.

the incoherent scattering in the high-angle
region (0> 55°).

The reduced intensity data, ¢(s), were cor-
rected for low-frequency additions resulting in
spurious peaks below 1 A in the radial distri-
bution curves, which could not correspond to
interatomic distances.!*

From the reduced intensity values the elec-
tronic radial distribution functions were cal-
culated:

Smax
D(r)=4nrig,+ 2r/n f 8i(s)M(s) sin (rs)ds (1)
0

The modification function, M(s), was chosen to
be [fz:%(0)/fz:2(s)lexp (—0.01s?) and corre-
sponding for Hf. g, is the average scattering
density given by the square of the number of
electrons per unit volume (V in Table 1). The
observed ¢(s) values were used for the integra-
tion, ¢.e., no atterpt was made to draw a smooth
curve through the experimental points.

Theoretical pair interaction functions were
calculated from:

pq(8) = szq[fp(s)fq(s) + Afy" Af '] sin (rpq8) X

pFq
(rpq8) ™ exp (—bpgs?) (2)

Here r,, is the distance between the atoms p
and q and b,q is a temperature factor related
to the root mean square variation uy, of the
distance rpq by bpg=upq/2.
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The Fourier inversion of 2ipq(s) was made
in the same way as that of the experimental
reduced intensities.

The scattering factors, f(s), used were those
given by Cromer and Waber ¢ for Hf, Zr, Br,
Cl, and O. For H the values given by Stewart
et al.'” were used. Corrections for anomalous
dispersion, 4f’ and Af’, were taken from
Cromer.!® Values for the incoherent radiation
were taken from Cromer ** for Hf, Zr, Br, Cl,
and O and from Compton and Allison * for H.
They were corrected for the Breit-Dirac factor.

Tables of the normalized intensities and of
the reduced intensity values for the investigated
solutions are available from the author on
request. The normalized intensities are cor-
rected for incoherent radiation and the reduced
intensity values corrected for spurious peaks
below 1" A. The reduced intensity values in the
form si(s) are also shown in Figs. la and 1b.

ANALYSIS OF THE DATA

Radial distribution curves, D(r), are given
in Figs. 2a and 2b, and D(r)—4nr?g, functions
are shown in Figs. 3a and 3b.
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Fig. 2a. Radial distribution curves, D(r), for
the halide solutions. The dashed curves are the
differences between the experimental functions
and the calculated intramolecular contribu-
tions. The sum of the intramolecular contribu-
tions is also given separately for solution I:1.
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Fig. 2b. D(r) curves for three of the perchlorate
solutions. The sum of the intramolecular con-
tributions is given separately for solution II:1.

Early X-ray scattering data on aqueous solu-
tions of MOX,-8H,0 (M=Zr or Hf, X=Cl or
Br) collected by Muha'® were explained by
assuming the existence of a complex
[M(OH),(H,0),,]X; with a structure similar
to that which at that time was known from the
solid state. But in the first crystal structure
determination of ZrOCl,-8H,0 made by Clear-
field and Vaughan ® from two-dimensional data,
only the Zr atoms were located with any degree
of accuracy. Later on, a refinement of the struc-
ture based on three-dimensional data was
carried out by Mak.® He found the main
features of the old structure to be correct, but
the coordination polyhedron of O atoms about
each Zr atom to be more closely related to the
dodecahedron rather than the square antiprism
suggested by Clearfield and Vaughan. The
structure is built up from diScrete [Zr(OH),-
(H,0),6)*+ tetramers linked to each other
through a network of CI”™ ions and water mo-
lecules. In the tetramer (Fig. 4) the Zr atoms
are in a slightly puckered square configuration.
Adjacent Zr atoms are joined through double
HO bridges with one O atom above and the
other below the mean square plane. The dis-
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torted dodecahedron about each Zr atom is
completed by terminal O atoms from four
coordinated water molecules.

With the use of the positional parameters
from the crystal structure determined by Mak
the expected peak shapes for the tetramer
Zr,0,0,, (H atoms being omitted) were calcu-
lated. The temperature factors were assumed to
be 0.003 A2 for Zr — Zr interactions, 0.0065 A2 for
Zr — O interactions, and 0.01 A2 for O — O inter-
actiops. The calculated peak shapes are shown
in Fig. 5. Comparison with the functions
D(r)—4nr?g, in Figs. 3a and 3b and also with
the D(r) functions in Figs. 2a and 2b shows
similar peaks to be present for all the solutions
investigated, halide as well as perchlorate solu-
tions, except the zirconium halide solutions
with ngo=3. These two solutions behave dif-
ferently and will be discussed separately.
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Fig. 3a. Functions D(r) — 4ar2g, (full-drawn) for
the halide solutions and theoretical peak shapes
for the M,0,0,,X, complex (dotted). The lower
dashed curves are obtained when the calculated
peak shapes are subtracted from the experimen-
tal D(r) — 4nr2g, curves. For solution I:1 the Hf —
Hf, Hf — O, Hf — Cl, and light-atom interactions
are drawn separately (upper dashed curves).
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Fig. 3b. Functions D(r)— 4xnr?, for three of the
perchlorate solutions and theoretical peak
shapes for the Zr,0,0,, and ClO,~ complexes.
For solution II:1 the Zr —Zr, Zr— O, and light-
atom interactions are drawn separately (upper
dashed curves).

Fig. 5also shows the difference curve obtained
when the sum of the intramolecular inter-
actions within the Zr,0,40,, group is subtracted
from the experimental D(r)—4ar?g, function
for solution I:2. This curve represents the
remaining interactions in the solutions. Broad
peaks are found around 3.1, 4.6, and 7.0 A.
They contain contributions from the coordina-
tion of the CI™ ions and from that part of the
water structure which has not been broken
down by the solute species. All intermolecular
interactions will also contribute to the remain-
ing structure of the solution.

-~

The halide solutions with ngo=2

Analyses of the intramolecular interactions
within the M,0,0,, group (M=Zr or Hf) for
the three halide solutions with ngo=2 were
made by least squares refinement procedures
using the PUTSLR program.!4 The experimental
reduced intensity values, ¢(s), were compared
with 3i,4(s) values calculated from eqn. (2). For
each pair interaction a distance r,q, a tempera-
ture factor b,q, and a frequency factor nyq were
introduced as parameters that could be varied.
A minimum was sought for the error square
sum U= Jw(s)[i(s)— Jiyq(s)]?. The weighting
function w(s)=cos 0/I..,%(s) was chosen. With
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Fig. 4. A stereoscopic view of the tetranuclear complex [Zr,(OH),(H,0),,]*+ drawn with the use
of the positional parameters given by Mak.® The two chloride sites, CI(I) and Cl(II), outside the

complex are also shown.

this weighting function the contribution to U
from each experimental point is inversely pro-
portional to the square of its estimated standard
deviation.

As the curves in Fig. 5 indicate that no
significant deviations from the positional param-
eter values obtained by Mak * seem to occur
for Zr,0,0,, in solution I:2, only the tempera-
ture factors for the interactions within the
M,0,0,, complex were adjusted by means of
the least squares procedures. Experimental data
for 8uin <8<8may, Where s, =16 A-! (MoK
radiation) or 20 A-* (AgK radiation), were used,
8in being varied from 6.5 to 10 A—2. The average
values obtained were: , by 5 =0.0030(1) A,
bu—0=10.0035(2) A%, and by_o=0.0040(3) As

With the use of the refined values of the
temperature factors theoretical curves similar
to those in Fig. 5 were calculated for the three
halide solutions with ngq = 2. The new difference

Fig. 5. Expected peak shapes for the tetramer
Zr,0,0,4 calculated from the positional param-
eters given by Mak.® The upper dashed curves
represent Zr—Zr, Zr—O, and O—O interac-
tions. The dotted curve gives the sum of all
intramolecular interactions. The lower dashed
curve is the difference between the D(r)—
4nar%g, for solution I:2 (full-drawn curve) and
the sum of the intramolecular interactions
within the tetramer.

curves are shown in Fig. 6. Because of the high
charge of the [M,(OH),(H,0),,]t+ complex it
seems reasonable to assume that halide ions
are arranged in a second coordination sphere
outside the tetramer, probably being held in
place by electrostatic forces. In the solid state
many Zr~ Cl distances are found in the regions
4.6—5.0 and 7.0—7.3 A.® The residual peaks
at these r values have thus been assigned to
M-X interactions. Further support for such
an interpretation is given by the sizes of the
peaks which correspond to about two M—X
interactions/M atom in each of the two regions.
In addition the difference curves in Fig. 6
indicate that for the zirconium bromide solu-

a2}

14000
10000]
6000,
2000[1:
- 2000‘

2000
-2000

2000
-2000 vy
3 o
-6000F e 1773
. 1 i DR A ol 1
0 2 4 6 8

Fig. 6. Difference curves for the halide solutions
with ngo=2 (dashed) obtained by subtracting
the calculated peak shapes for the M,0,0,,
complex (dotted) from the experimental
D(r)— 4nr?g, functions (full-drawn).
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Table 2. Parameters for the halide ions. (X,Y,Z)
are the positional parameters (A) in a coordinate
system with the origin at the centre of the M,
square and the x and y axes directed hori-
zontally and vertically, respectively, (Fig. 4),
ry-x=M—X distance (A), b=temperature
factor (A?), and ny_x =frequency factor (num-
ber of M—X distances/M atom).

Solution (X,Y,Z)% rv—x bx-x
M-O

I:1 3.79, 0, +3.83 4.68 0.043¢
6.99

I:2 3.79, 0,+3.83 4.68 0.043°
6.99

I:4 3.89(2),0,+ 3.96(2)° 4.83 0.043(2)%
7.14

“ Remaining parameter values are obtained from
the S, point group symmetry. ? These values were
obtained from & least squares refinement series
using experimental data for 2.2 A—1<s<8.8 A,
‘ny—x(=4np. x™3*)=2. Non-coordinated halide
ions are assumed to be octahedrally surrounded
by water molecules (ri_o=3.1 A, rg,. =3.25 A,
bx_0=0.043 A%) when parameters from this table
are used for calculations of theoretical peak shapes.

tion the M —X distances are longer than those
for the two chloride solutions.

Preliminary theoretical peak shapes based on
the rather irregular arrangement of halide ions
in the positions II in the solid state (Fig. 4),
four M —X distances per M atom in each of the
two regions, gave a rather good explanation of
the experimental data when an occupancy factor
of 0.5 was used. Therefore, the halide positions
II were arranged more symmetrically, and a
least squares refinement series was performed
using data for the zirconium bromide solution.
Three parameters were varied: two positional
parameters and one temperature factor. The
results are given in Table 2.

Theoretical peak shapes for the complexes
M,0,0,,X, with the parameters for the halide
ions taken from Table 2 are shown in Fig. 3a.
They seem to give a satisfactory explanation of
the experimental data for the zirconium halide
golutions with ngo=2 (I:2 and 1:4). But for the
hafnium chloride solution (I:1) there is a residual
peak at 4.3 A which is too pronounced to be
due only to the highly damped intermolecular
interactions. As this peak may be interpreted
in many different ways, no additional structural
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models including interactions at 4.3 A have
been tested quantitatively. )

For the positions I in the solid state (Fig. 4)
the Zr—Cl distances range from 4.9 to 10.2 A.
Due to this spread no pronounced difference is
obtained when these positions are included in
the structural model for the solutions. For a
more symmetrical arrangement of the positions
I, there are for each Zr atom: two Zr-—Cl
distances at about 4.7 A, four at about 7.0 A,
and two at about 8.7 A which do not seem to
be in very good agreement with the difference
curves in Fig. 6. This means that the positions
I alone do not give a satisfactory explanation
of the experimental data and that no better
agreement is obtained on adding these positions
to a structural model including the positions IT.

The perchlorate solutions

Because of the low atomic number of Zr the
Cl0, groups contribute relatively more to the
X.ray scattering in the zirconium perchlorate
solutions than in, e.g., the mercury perchlorate
solutions investigated previously.’* For this
reason, the distance and the temperature factor
for the Cl-— O interaction in a tetrahedral ClO,
group were refined in a series of least squares
procedures. The temperature factor for the
O — O interactions was kept constant at 0.004
A2, Theoretical intensity values for the Zr,0,0,,
complex calculated with the same parameters,
as were used for Fig. 6, were introduced as a
constant background during the refinements.
Experimental data for sy, <s<20 A-! were
used, and 8,,;, was varied from 4 to 10 A-1. The
average values obtained were: re_o=1.465(4) A
(fo-o=2-40 A) and by_o=0.0031(3) Az

In a second step of the least squares refine-
ments the temperature factors for the interac-
tions within the Zr,0,0,, complex were adjust-
ed. Experimental data for 8, <s<20 A~
with 8y, varying from 4 to 10 A-! were used.
The average values obtained were: bz, 7, =
0.0028(1) A2, by, o=0.0037(3) A%, and bpo=
0.0046(5) A2, Calculated peak shapes for the
Zr;0,40,, and C10, complexes based on the refined
structural parameters are given in Fig. 3b.

If it is assumed that the intermolecular
interactions are very similar in the three halide
solutions with ngg =2, differences between the
experimental radial distribution curves will
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Fig. 7. Difference curves between the experi-
mental radial distribution functions D(r) — 4nr?g,
for the halide solutions with nyo=2 (dashed).
The full-drawn curve is always subtracted
from the dotted curve.

mainly reflect differences in the intramolecular
interactions within the M,0,0,,X, complexes.
Such difference curves obtained by subtracting
the D(r)—4xarsg, function for solution I:2 from
those of the other two halide solutions with
npo =2 are shown in Fig. 7.

The difference curve for the chloride solutions
has peaks in regions where the interactions in-
volving the metal atoms are expected to occur
according to the suggested structural model:
22 A(M-0),355 A (M-M),4-5 A M-O,
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Fig. 8. Difference curves between the experi-
mental radial distribution functions D(r)—
4nr?g, for solution I:2 and three of the per-
chlorate solutions (dashed) and for the per-
chlorate solutions (dashed).

M-Cl, M—M), and 6.2—7 A (M—0, M—Cl)
(compare Fig. 5) reflecting the higher scattering
power of Hf compared to Zr.

The difference curve for the zirconium halide
solutions has peaks in regions where the inter-
actions involving the halide ions are expected
to occur according to the suggested structural
model: 3.4 A (X-0), 4.5-5.2 A (Zr-X, X—
0,X-X),and 7—-17.7T A (Zr-X, X -0, X -X)
reflecting the difference in scattering power be-
tween Br and Cl.

Difference curves calculated by subtracting
the D(r)—4ar?g, functions for the perchlorate
solutions from that of solution I:2 (Fig. 8) show
as main features (apart from the negative per-
chlorate peaks) peaks around 3.2 A (Cl1-0O0),
475 A (Zr—Cl), and 7 A (Zr—Cl) which
strongly support the suggested structural
models.

Difference curves calculated by subtracting
the D(r) — 4ar?g, functions for the solutions II:1
to I1:4 from that of solution II:5 (Fig. 8) show a
broad peak at about 5 A. This increases in size
as the difference in the perchlorate concentra-
tion increases.

The halide solutions with ngo=3

On comparing the scattering curves in Fig.
la it is obvious that the two halide solutions
with nyo =3 behave quite differently from those
with ngo=2. A structural change has occurred
when the degree of hydrolysis has been in-
creased. It is also seen from the scattering
curves that the more hydrolyzed solutions seem
to contain very large molecules. The Fourier
inversions of the reduced intensity values
(Figs. 2a and 3a) also have peaks at r values
greater than 9 A.

From a comparison between the D(r) — 4arg,
curves for the two structurally different types
of halide solutions (Fig. 9), the following charac-
teristics of the structure of the large molecules
may be deduced: (1) The first coordination
sphere of O atoms around Zr is not changed.
It still contains eight O atoms at the same Zr— O
distances as in the complex [Zr,(OH),(H,0),,]%+.
(2) The peak at 3.6 A (for nyo=2) is higherand
broader for the more hydrolyzed solutions.
This means that in the large aggregates the
number of Zr—Zr distances per Zr atom ab
3.6 A is larger than one. The peak sizes give
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Fig. 9. Difference curves between the experi-
mental radial distribution functions D(r)—

4nrlg, for the zirconium halide solutions
(dashed).

about two such distances per Zr atom. The
broadness of the peaks indicates a distribution
of Zr—Zr distances in the region 3.55—3.75 A.
(3) The third peak in the D(r) — 4nr%, curves has
moved to higher r values as the degree of
hydrolysis has been increased. Subtraction of
the curve for the zirconium bromide (chloride)
solution with ngo=2 from that of the corre-
sponding solution with ngzgo=3 (Fig. 9) results
in difference curves with a residual peak at
about 5.15 A (i.e. 3.656 V2 A). Thus, if it is
assumed that the second eoordination sphere
of O atoms about Zr is essentially the same,
further hydrolysis of the tetramers gives large
aggregates having more than 0.5 Zr—Zr
distances per Zr atom in the region 5—5.15 A.
The peak sizes give about two such distances
per Zr atom. (4) There is also a large peak at
6.95 A which most probably is due mainly to
Zr—Zr interactions. The size of the peak in-
dicates about two Zr—Zr distances per Zr
atom at a distance which is somewhat less than
twice the mean shortest Zr — Zr distance in the
large molecules (2x 3.65 A=17.3 A). (5) There
is no clear indication of a coordination of halide
ions in the second coordination sphere around
Zr. This is seen from the featureless difference
curve between the D(r)—4ar?g, functions for
the two halide solutions with ngqo=3 in Fig. 9.

The scattering curves for the two zirconium
halide solutions with ngo=3 are not similar to
any of the diffraction patterns reported in the
ASTM card index of the various modifications
of ZrO, (cubic, tetragonal, or monoclinic).
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Clearfield 2 has discussed a probable mech-
anism for the hydrolytic polymerization of the
species [Zr,(OH),(H,0),,]*+. The polymeriza-
tion is suggested to occur by the formation of
double HO bridges between tetramers, the new
bridges being at right angles to those already
present. The arrangement is supposed to be
irregular when just adding HO™ to a solution
containing tetrameric Zr(IV) complexes, but
it is supposed to be ordered after refluxing the
Zr(IV) solution.

The scattering curves for the two zirconium
halide solutions with ngo=3 may be explained
by assuming randomly formed polymers ac-
cording to Clearfield. The polymer drawn in
Fig. 10 is one example of a complex containing
about two Zr —Zr distances per Zr atom in
each of the r regions around 3.65, 5.15, and
6.95 A. It has, as a mean, Ngo = 3.

DISCUSSION

Radial distribution curves give only one-
dimensional representations of the structures
of the three-dimensional complexes in a solu-
tion. Many structural models that give a good
explanation of the experimental data may
therefore be derived. But from the scattering
curves obtained here it seems reasonable to
assume that the complex M,0,0,, with a
structure known from the solid state ® is pre-
dominating in all the solutions investigated,
halide as well as perchlorate solutions. The
halide solutions with ngxo=3 are, of course,
excepted. The intensity data are, however, not
very sensitive to changes in the parameters of
interactions including only light atoms. Thus,
a small rearrangement of the coordinated water
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Fig. 10. A two-dimensional representation of a
randomly formed polymer [Zr(OH),,(H;0),]1,**
The solid lined squares denote the original

totramers and the dashed lines represent new
Zr — OH bonds formed by hydrolysis.
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molecules in M,0,0,, may not change the
calculated curves significantly.

It seems unlikely that the halide ions which
are not directly coordinated to the metal atom
in the solid (Fig. 4) should enter the first coor-
dination sphere in solution. In the crystal
structure of, e.g., Zr(CHCOCHCOCH,),Cl,
where Zr(1V) is seven-coordinated, the Zr—Cl
bond length is 2.47 A.2* The radial distribution
curves (Figs. 2a and 3a) do not show any peaks
in this region.

In the solid state two crystallographically
different sites are occupied by the halide ions.
They are called I and II in Fig. 4. With four
halide ions statistically distributed over the
eight II positions, the calculated difference
curves in Figs. 2a and 3a show no pronounced
peaks related to intramolecular interactions not
included in the structural model for the zir-
conium halide solutions. For the hafnium
chloride solution, however, there remains an
unexplained peak at 4.3 A which is too large
to be related to highly damped intermolecular
interactions only. This peak may be due to
Hf-Cl and (or) Hf —O interactions within
the second coordination sphere. Another ex-
planation is that condensation into higher
complexes has taken place. But there seems to
be no reason to assume that complexes of higher
nuclearity should occur in hafnium chloride
than in zirconium halide solutions of the same
degree of hydrolysis. Furthermore, when con-
densation occurs, the ultracentrifugation meas-
urements indicate a higher average nuclearity
for Zr.®

It might be possible to get a still better
agreement between experimental and calculated
scattering data by trying more complicated
structural models for the halide solutions
(ngo = 2) not necessarily based on or related to
the halide positions I and II in the solid state.
But the model including the II positions
fractionally occupied seems to be the simplest
one which adequately explains the scattering
data. The contact distances to neighbouring
O atoms are then 3.1—3.5 A for the CI” and
3.2—-3.6 A for the Br~ ion. These values are
roughly in agreement with the sum of the ionic
radii.

Mubha * in his early investigation of the struc-
ture of aqueous solutions of MOX,-8H,0O
(M=Zr or Hf, X=Cl or Br) explained his

scattering data by assuming the existence of a
complex [M,(OH)y(H,0),,]X,. The structural
parameters for the complex M,0,0,, were taken
from the old crystal structure determination by
Clearfield and Vaughan.® Nevertheless Muha
found residual peaks of about equal size at
4.6 and 7.3 A for a 2 molal hafnium bromide
solution. These peaks were attributed to Hf —
Br interactions. Several structural models were
tested, but the one based on halide ions in
positions IT were found to give the best agree-
ment between experimental and calculated data
for the hafnium halide solutions. The data did
not permit a definite conclusion concerning
the average number of chloride ions associated
with a Hf,0,0,, complex to be drawn, but for
the bromide solutions the halide sites seemed
to be fractionally occupied.

For the perchlorate solutions the difference
curves in Fig. 3b are all very similar regardless
of the degree of acidity. Thus it seems that the
complex Zr,0,0,, is formed rapidly when
HCIO, is added to hydrous ZrO, giving ClO,/Zr
=2, but that it remains intact on further
acidification even after ¢‘equilibrating” the
solutions for one month on the water bath. All
the difference curves show broad peaks at about
2.9, 4.3, 5.25, 6.5, and 7.8 A. The peak at 5.25
A gets larger as the ClO,/Zr ratio is increased.
If the Cl1O, group enters the second coordination
sphere around Zr the expected Zr — Cl distance
would be about 5.25 A. No quantitative anal-
yses of the residual peaks were made due to
the large number of ways for arranging ClO,
about a Zr,0,0,, complex.

The peak at 4.3 A found in the difference
curves of the hafnium chloride solution is seen
also for the zirconium halide solutions, although
of much smaller size. Thus, as a pronounced
peak at this r value was found for the per-
chlorate solutions as well, it seems more likely
that this peak is.-due mainly to M—O inter-
actions from a second coordination sphere of
water molecules rather than to interactions in-
volving halide ions. Furthermore, the size of
the peak is about the same for the zirconium
bromide and chloride solutions.

For the most hydrolyzed perchlorate solution
o = 2.3. Although ngxo> 2 there seems to be
no tendency towards formation of polymers,
e.g., of the type suggested in Fig. 10. The
difference curve for solution II:1 in Fig. 3b has
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no unexplained peaks around 3.65, 5.15, and
6.95 A. Instead, it is similar to the difference
curves for the perchlorate solutions with lower
degrees of hydrolysis (II:2—1II:5).

A possible scheme for the formation of poly-
mers with a random structure in the zirconium
halide solutions with ngg=3 is:

4nZr(OH), +nxH,0 + 4nyH,0+ =
[Zr 40x(OH)xo—ax—4y (Hno)zx+sy]n‘y+ (y=1)

The factor x takes into account the possible
formation of an O bridge and a coordinated
water molecule instead of a double HO bridge
in and (or) between some tetramers. The
coordination number of Zr is assumed to be
eight.
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