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Abstract: The transition metal forms of a-zirconium-. titanium-, and hafnium phosphates were
prepared by ion exchange method. Their structure was investigated by X-ray powder diffraction (XRPD)
method. It was found that the transition metal containing phosphates have the same layered structure
as the pristine tetravalent metal phosphates, except for the increase of interlayer distance from 7.6 A to
~9.5 A. As a result of the incorporation of transition metals in the layers, the c-axis is increased from
~15 A to ~20 A (in the case of titanium phosphate to ~25 A) All other parameters (a, b and 3 °) are
practically unchanged.
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1 Introduction

The phosphates of tetravalent cations, such as Sn, Ti and Zr were synthesised in the end
of 19" century. However, the real interest in this subject (because of their good resistance
against radiation) began since the 1950s in connection with their possible use in radio-
chemical processes. The literature in this field is very rich. Monographs on tetravalent
metal phosphates were published both by Tanaev [1] and Averbuch [2]. Many layered

* E-mail: szirtes@iki.kfki.hu



L. Szirtes et al. / Central European Journal of Chemistry 5(2) 2007 516-535 517

tetravalent metal phosphates have been characterised by X-ray method. According to
these investigations it became clear that two stable layers exist, corresponding to the a-
and - structure. The structure of a-zirconium phosphate (hereafter ZrP) was found to
be a layered monoclinic one, as determined first by Clearfield [3, 4] and investigated by
other authors [5, 6]. Nowadays, the structure is clear; the data are widely known and
used.

The structure of a-titanium phosphate (hereafter TiP) was found to be iso-structural
with that of a-ZrP, as became clear in the mid 1990s from the more detailed study of
Bruque et al. [7].

The a-hafnium phosphate (hereafter HfP) was first prepared by Clearfield [8]. Later
on, Tomita et al. [9] prepared it by refluxing freshly formed amorphous HfP in H,PO, at
the boiling point for more than 210 hours. In the mid 1980s, HfP was also prepared by us
using the fluorine-complex method and the structure of crystalline a-HfP was investigated
[10].

Later, the a- and 7-zirconium and titanium phosphates were extensively studied, and
have been reviewed by Clearfield [11] and other authors [12-14], respectively. Later, an
interest arose in nanoparticles (y-ZrP/Si) and transition metal salts (i.e. ZrMnHPO, and
others) [15, 16] used for catalytic and other purposes. A classification of these phosphates
is given by Brandel and Dacheux [17].

Shaksooki et al. [18] and the current authors have earlier [19-21] proposed that the
layered hafnium phosphate (a-HfP) isomorphous with the a-zirconium phosphate because
their thermal-, ion exchange, and some other properties were found to be very similar.
Detailed structural data of hafnium phosphate (a-HfP) and related intercalates are also
reviewed by Sudrez et al. [22].

In this paper, we summarise the results of recent investigations on the crystalline
structure of the first-row transition metal containing a-zirconium-, titanium- and hafnium
phosphates in comparison with their pristine tetravalent metal phosphates.

2 Experimental

2.1 Synthesis

All chemicals used were analytical grade.

The a-zirconium-, titanium-, and hafnium phosphates were prepared via the fluoro-
complex, as first proposed by Alberti and Torracca [5].

A typical process used for a-zirconium phosphate was; 27.5 g of ZrOCly.8H5O was
dissolved in 400 cm?® de-ionised water, then 20 cm?® of HF (40% solution) was added and
the mixture was heated at 80 °C. At this temperature (with constant vigorous stirring)
230 cm? solution of 11.9 M H3PO, was added very slowly. After that, the solution was
allowed to stand at 80 °C (with stirring and at constant solution level) for 24 hours to
evaporate the fluorine. The resulting precipitate was then washed with de-ionised water
until it reached pH=4 and dried over P,O5 in a dessiccator.
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In the case of a-titanium phosphate, the following typical process was used; 11.8 g
of TiClywas dissolved in 125 cm? of 3.0 M HF solution, then, 500 cm?® of 6.3 M HsPO,
solution was slowly added with vigorous stirring. The mixture was then allowed to stand
at 60 °C (with stirring and at constant solution level) for 168 hours to evaporate the
fluorine. Subsequent steps were the same as described for a-ZrP.

In the case of a-hafnium phosphate, typically 2 g of HfCl; was dissolved in 125 cm? of
3 M HF solution, then 500 cm?® of 6.3 M H3PO, solution was added slowly with vigorous
stirring. The mixture was heated to 80 °C and allowed to stand at this temperature (with
stirring and at constant solution level) for 24 hours to evaporate the fluorine. The rest of
the process was concordant with that for a-ZrP [23].

The first-row divalent metal containing samples were prepared by the ion exchange
method. A typical example of this method was the following. Three grams of freshly
prepared ion exchanger (a-ZrP, a-TiP and a-HfP, respectively) was mixed into (equili-
brated) 100 cm?® of 0.1 M Me(II)-acetate solution (where Me=Co, Ni, Mn, Cu and Zn,
respectively). The equilibration (mixing) continued for 200 hours at 80 °C (with stirring
and at constant solution level). At the end of the process, the precipitate was washed
with 200 cm? of deionised water and dried in a desiccator over saturated BaCls.

2.2 Analytical

The zirconium, the titanium, the hafnium, and the phosphorous content of the given
samples were determined by the spectrophotometric method as described by Sandell [24].

The Me(II) contents, both of the original and residual solutions, were determined by
spectrophotometer, using a SPECTROMOM 195D type photometer. The determinations
were taken at wavelength of 530, 465, 475, 545 and 530 nm, against the given standards
for Co, Ni, Mn, Cu and Zn ions, respectively.

The rate of ion uptake was calculated from the difference of Me(II) content of the
above solutions.

The samples were controlled by elemental (carbon) analysis to determine the presence
of acetate.

2.3 Identification

The samples were identified using XRPD analysis. The XRPD study was performed
with a Bragg-Brentano geometry, using powder samples (pressed before into the sample
holder) with a DRON-2 computer controlled diffractometer (at 45kV and 35 mA) with
the f filtered Cogk, radiation (A = 1.7890A) at 25£1 °C. The goniometer speed chosen
was 1/4 °min~! in the range of 20=3-110°. To finish the data collection, the first few
lines of the pattern were re-measured to control of the stability of the X-ray source. The
diffraction patterns were evaluated using EXRAY peak searching software [25] and refined
by Rietveld’s method [26]. At least the structure of investigated samples was modelled,
using ,,PowderCell 2.3” software [27].
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During the estimation, an effect of texture on line intensity was taken into consider-
ation.

2.4  Thermal analysis

The thermal analysis was carried out using a Mettler TA1-HT computer controlled ther-
mobalance that simultaneously provided DTA and TG data. The heating rate was 5 °C
min~! in the temperature range of 25-1000 °C, the reference material was dehydrated
Al; O3, and Pt crucible was used in ambient air. An adequate computer program TA-E1
evaluated the DTA and TG data. The results were presented in detail in previous papers
[28-30].

2.5 Specific surface

This was measured by the BET method as previously descried [31].

3 Results and discussion

The elemental analysis of samples gave carbon content under the detection limit; conse-
quently it showed no acetate can be present in the synthesised materials.

On evaluating the analytical data of prepared tetravalent metal phosphates, a ratio
of 1:2 (Me/PO,) was found.

The first-row transition metals were incorporated in the tetravalent metal phosphate
structures using the ion exchange method. During this process, the hydrogen atoms of
phosphate groups were exchanged for transition metals. The ion uptake data found here
are presented in Table 1.

Table 1 Analytical data of samples equilibrated during 200 hours.

Metal(IV) Solution in mM/ml
Co(I) Ni(II) Mn(II) Cu(Il) Zn(II)
initial 0.080  0.10 0.10 0.10 0.10
Zr residual 0.0564 0.049 0.042 0.045 0.046
ion uptake 0.026  0.051  0.058  0.055 0.054
in % 33 51 58 55 54
initial 0.080 0.10 0.10 0.10 0.10
Ti residual 0.034 0.038 0.023 0.022 0.023
ion uptake 0.046 0.062 0.077  0.078  0.077
in % 58 62 7 78 7
initial 0.080  0.10 0.10 0.10 0.10
Hf residual 0.052  0.068 0.039  0.048 0.045
ion uptake 0.028 0.032  0.061 0.052  0.055
in % 35 32 61 52 55
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Durind the experiments were found that, the ion uptake increases with increasing
equilibration time. After 200 hours of digestion, the ion uptake increased very slowly,
although the total (100 %) change of hydrogen atoms by first-row divalent transition metal
ions could not be achieved under the given experimental conditions. Based on analytical
data, the following Me?™ /Me?" molar ratios were calculated for samples equilibrated for
200 hours:

Table 2 Molar ratio of Me*™ /Me*".

Co(II) Ni(I) Mn(II) Cu(Il) Zn(II)

Zr | 1/0.33 1/0.51 1/0.58 1/0.55 1/0.54
Ti | 1/0.58 1/0.62 1/0.77 1/0.78 1/0.77
Hf | 1/0.35 1/0.32 1/0.61 1/0.52 1/0.55

According to these data the
Co < Ni < Mn > Cu =~ Zn (Zr)
Co < Ni <Mn =~ Cu =~ Zn (Ti) and
Ni < Co < Cu < Zn < Mn (Hf)

ion uptake orders can be proposed and the following compositions are suggested:

Oé-ZI‘(HPO4)2; ZTCOO.3H1.4(PO4)2; ZTNio.46H1.08(PO4)2; ZTMH0.49H1.02(PO4)2
ZTCU0.54H0.92(PO4)2; ZTZH0.55H0.9(PO4)2;

Oé-Ti(HPO4)2; TiCOo.58H0.84(PO4)2; TiNio.69H0.62(PO4)2; TiMHO.77H0.46(PO4)2;
TiCug7sHo.44(POy)2; TiZng 77Hg 46(PO4)2;

a-Hf(HPOy)y; HfCogs5Hy 3(POy)o; HENig 50H 36(PO4)2; HEMng 61 Hg 75(PO4)o;
HfCUO.5H(PO4)2; HfZHO_55H0_9(PO4)2.

As a result of thermal treatment the DTA-TG patterns showed four endothermic
processes accompanied by mass loss. From these, the first and second were identified as
crystal water loss, the former slightly bonded on the surface while the latter is bonded
inside the layers. The other two processes cover the structural water loss originating from
the decomposition of phosphate groups going in two steps in the presence of transition
metal ions. Against the patterns of pure tetravalent metal phosphates, the patterns of
first-row transition metal ion containing samples showed a two-step character endotherm
process.

The original tetravalent metal phosphates have one mol crystal water per molecule
unit, while their transition metalcontaining forms have about 2.41(Co), 1.25(Ni), 1.80(Mn),
1.04(Cu) and 2.38(Zn) mole per unit molecule [28-30].



L. Szirtes et al. / Central European Journal of Chemistry 5(2) 2007 516-535 521

The measured specific surface area values [m?-g~1] of Me(II) containing samples are:

Table 3 Specific surface areas.

a—Z7ZrP | Co(Il) Ni(II) Mn(II) Cu(Il) Zn(II)
0.2 2.3 2.5 2.5 2.5 2.5
a—TiP

0.3 2.6 2.6 2.6 2.6 2.6
a—HfP

0.5 2.5 2.6 2.5 2.6 2.5

They are identical within the error of measurement and about one order of magnitude
higher than that of the original (free from transition metal ions) phosphates. The results
probably can be connected with the increasing of interlayer distance after taking up the
given transition metals.

3.1 Crystal structure determination

Using the XRPD method, attempts were made to determine the crystal structure of the
transition metal containing tetravalent metal phosphates.

3.1.1 a-metal(IV) phosphates [M(HPOy)2 nH0] where M = Zr, Ti, Hf, respectively

Because of the structural data of a-ZrP and «-TiP are well known [4-8], we give here
in more detail only results concerned to a-HfP, which we did not publish (in such form)
until now.

The optimum evaluation was found when the monoclinic form was considered with the
Py 5 space group. Taking into consideration these symmetry conditions, the XRPD pat-
tern was calculated and compared with those obtained experimentally (50 Bragg peaks).
The difference plot of a-HfP is shown on Fig. 1.

Using the refined results, the cell parameters were then derived. The unit cell data
were compared with those of a-ZrP and o-TiP, found by us earlier, and are collected
in Table 4 in comparison with data of Clearfield, Bruque and Sudres [7, 8, 22], respec-
tively. The unit cell parameters of all phosphates obtained here correspond well to those
measured by other authors, as can be seen from the data of Table 4.

As it can be seen from Table 4, the unit cell parameters of samples prepared by us
and by the cited authors are practically identical. In spite of the fact that in case of
a-HfP we used a different method of preparation as used by Sudrez et al. [22].

The positional and thermal parameters of the atoms in HfP are presented in Table
5, while the selected bond distances (in A) and bond angle data (in degrees) of all three
tetra-valence metal phosphates are given in Table 6 and 7, respectively.

All atomic distances and angles and also temperature factors showed no anomalous
discrepancies.
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Fig. 1 The difference plot of a-hafnium phosphate (measured and calculated).

Table 4 Unit cell parameters of metal(IV) phosphates.

a-ZrP a-TiP a-HfP

a (A) 9.061(1) 9.060 [8] 8.638 (4) 8.6403 [7]  9.013(1) 8.9955 [22]
b (A) 5.297(2) 5.297 [8] 5.010 (4) 5.0093 [7] 5.271(2) 5.2439 [22]
c (A) 15.415(2) 15414 [8] 15.511 (5) 15.5096 [7] 15.482(3) 15.4768 [22]
5° 101.71 (3) 101.7 [8] 101.3 (3) 101.3 [7]  101.72(3) 101.64 [22]
doos2 (A) 7.55 7.60 [8] 7.605 - 7.5800 7.60 [22]
Vol. (A3) 724.51 (5) 724.3 [8] 658.28 (8) - 720.22 (5) 713.37 [22]
Rel. mass 1204.78 - 1031.50 - 1553.86 -
Atoms in 64.0 - 64.0 - 64.0 -
X-ray density 2.7613 2.762 [8] 2.6020 - 3.5826 3.430 [22]
(g-em™?)

Mass abs. coeff. | 97.47 - 94.47 - 132.47 -
(cm*.g™1)

The similarities between the new data and that already known for a-ZrP shows that
the a-HfP structure is iso-structural with that of a-ZrP. Similar to a-ZrP, the metal
atoms lie nearly distorted in a main plane and they are bonded by phosphate groups
which are situated alternately above and below the main plane. Three oxygen atoms of
each phosphate group are bonded to three different hafnium atoms forming a distorted
equilateral triangle. Each hafnium atom is thus octahedrally co-ordinated by oxygens.
Taking into consideration the facts written above, we assumed the existence of zeolitic
type cavities similar to those which exist in the a-ZrP structure. The thickness of the
layer was found to be 628 pm (it was calculated using the baricentre of O atoms of P-OH
groups lying on the opposite sides of a layer). The calculated free area associated with
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Table 5 The positional and thermal parameters of atoms in a-hafnium phosphate

atom X y Z Biso

Hf 0.7375  0.2522 0.4855 0.0023
P1 -0.0240 0.7533 0.6120 0.0081
P2 0.5012 0.2344 0.6229 0.0081
01 0.1235 0.8141 0.6032 0.0120
02 -0.0833 0.4801 0.5721 0.0120
03 -0.1671  0.9410 0.5633 0.0120
04 0.0125 0.7502 0.7101 0.0120
05 0.3689 0.4511 0.6001 0.0120
06 0.4302 -0.0191 0.6054 0.0120
o7 0.6034 0.3036 0.5603 0.0121
08 0.6046  0.2621 0.7143 0.0120
09 0.2393  0.2301 0.7420 0.0260
H1 -0.1010  0.8180 0.7211 0.0500
H2 0.6621  0.0758 0.7322 0.0500
H3 0.3041  0.0810 0.6704 0.0500
H4 0.2122  0.2241 0.6703 0.0500

Table 6 Selected bond distances in A.

a—72rP «a—TiP a—HIP
Me-O1 | 2.042(2) 2.275(3) 2.068(2)
Me-O2 | 2.079(2) 2.234(3) 2.030(2)
Me-O5 | 2.058(2) 2.221(3) 2.046(2)
P1-O1 | 1.501(2) 1.502(3) 1.501(2)
P1-02 | 1.512(2) 1.653(3) 1.515(2)
P1-O3 | 1.523(2) 1.632(3) 1.578(2)
P1-O4 | 1.565(2) 1.668(3) 1.502(2)
P2-O5 | 1.517(2) 1.671(3) 1.537(2)
P2-06 | 1.517(2) 1.541(3) 1.582(2)
P2-O7 | 1.552(2) 1.547(3) 1.561(2)
P2-0O8 | 1.519(2) 1.547(3) 1.535(2)
O4-H1 | 0.922(2) 0.828(3) 0.924(2)
09-H1 | 1.568(2) 1.612(3) 1.544(2)
O7-H2 | 0.603(2) 0.690(3) 0.656(2)
09-H3 | 0.663(2) 0.681(3) 0.665(2)
09-H4 | 1.038(2) 1.053(3) 1.037(2)

Remark: Me = Zr, Ti, and Hf, respec-

tively
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Table 7 Selected bond angles.

Angle in °
a-ZrP a-TiP a-HfP

02 - Me* - O1 | 91.65 (8)  92.38 (8)  91.59 (6)
02— Me* - O5 | 89.64 (7)  85.08 (8)  99.05 (6)
Me* - 02 — P1 | 148.56 (1) 143.78 (2) 148.63 (1)
O1 - P1-02 |117.43 (1) 112.08 (3) 117.98 (1)
O1 -P1-03 | 11047 (2) 106.55 (4) 109.89 (3)
O1 - P1-04 |109.12 (2) 120.67 (3) 105.23 (6)
05 - P2 - 06 |110.47 (3) 109.44 (3) 108.71 (3)
05 -P2-07 |109.17 (2) 120.67 (5) 108.37 (3)
P1-04-HI |112.15(2) 110.71 (3) 110.69 (4)
P2 - 07 - H2 |120.19 (3) 128.46 (6) 118.00 (3)
H3 - 09 - H4 |114.97 (3) 113.69 (5) 114.31 (3)

Remark*: Me- = Zr, Ti, Hf, respec-
tively

P-OH group was found to be 23.92 x 10* pm?. This value showed a good agreement with
that published by Clearfield and Costantino [14].

The modelling was based on the following basic structural data:
Space group: P 12 1/cl
Setting: monoclinic
Laue group: 2/m unique axis b
Point group: 2/m
Positions: 4e x, vy, z; -x+1/2, y+1/2, -z+1/2; -x, -y-, -z; -x+1/2, -y+1/2, z+1/2;
001 projection of a-HfP structure is illustrated on Fig. 2

3.1.2 First-row divalent metal containing M** phosphates

In the first step the XRPD patterns of transition metal containing phosphates were com-
pared with that of the corresponding pure a-forms. During the comparison the most
striking difference found was the appearance of a new peak around the 20 ~10° region.
It was found that the intensity of this peak is increased by increasing the period of ion
exchange process. In most cases the 002 peaks have maximum intensity in the diffraction
patterns of transition metal containing samples. Consequently, it’s relative occurrence
can be used for analytical purpose in a multiphase system. The ratios between the rel-
ative intensity of peaks in 002 position of pristine phosphates and their transition metal
containing forms were compared, and the data are presented in Table 8.

These data can be indicative for the estimation of the occurrence of the pristine phase
in a mixture with the transition metal containing forms. The found values were in good
correlation with analytical data, which we obtained after 200 hours digestion time (see
Table 1). This can confirm that the investigated transition metal ions are built in the
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Fig. 2 The 001 projection of a-hafnium phosphate structure.

Table 8 Ratio of relative intensity between peaks of 002 position of pristine phosphates
and their transition metal containing forms.

Co (I) Ni(II) Mn (II) Cu (II) Zn (II)

a—7rP 0.35 0.28 0.27 0.26 0.27
a—TiP 0.20 0.25 0.18 0.17 0.18
a—HfP 0.33 0.30 0.23 0.25 0.26

tetravalent metal phosphate structure.

Other data exhibited that, in case of higher than 70% loading, a single crystalline
phase system occurs. This observation showed suitable similarities with the results pre-
sented by Clearfield and Kalnins [32]. According to above data, the prepared samples
(with less than 70% loading) were two phase systems from crystallographic point of view.
The forthcoming X-ray studies, however, are relating to samples having higher than 70%
loading.

X-ray diffraction patterns of zirconium-, and titanium phosphates in form of fully
loaded with transition metal ions, were published previously [33, 34]. Therefore, in this
paper, only the fragment of XRPD pattern of transition metal containing a-HfP is pre-
sented on Fig. 3.

On the diffraction patterns of transition metal containing phosphates (with different
loading) can be seen among the positions and intensities of the lines. They can be
explained by changing of lattice parameters, as well as the atomic scattering factors,
for the different transition metals. The measured and calculated patterns show a good
agreement to each other.
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For all these XRPD patterns, the optimum evaluation was found when the mono-
clinic form was considered with the P15 space group. Taking into consideration these
symmetrical conditions the XRPD patterns were calculated and compared (50 Bragg
peaks) with those obtained experimentally. From this followed the determination of unit
cell parameters shown in Table 9.

HfP
Zn

20 30 40 50
2 O degree

Fig. 3 A fragment of XRPD patterns of transition metal containing a-hafnium phos-
phates.

During the evaluation of the results collected in Table 9, we found for a-ZrP the
smallest difference in values of “a” axis which occur between the samples containing Co
and Cu (~0.1 A) In the case of other transition metal ions, the difference does exceed the
mentioned value, while for the “b” axis the difference among the investigated transition
metal ions does not exceed about 0.2 A. For “c” axis of a-ZrP, a difference of ~ 1.8 A was
found between the samples containing Co and Mn ions, while among the other samples
containing Ni, Cu and Zn ions, differences of only ~0.3 A were detected. The biggest
change in dggy values (0.13 A) was found between the a-ZrP samples containing Zn and
Ni ions. Moreover a variation of ~1.9° in § was found among the various samples. For
o-TiP samples, significant changes were found in many cell parameters. Namely, the

[P

value of “a” axis in the case of Co- and Zn- containing samples differ on ~2.7 A, at
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Table 9 Unit cell parameters of transition metal containing tetravalent metal phosphates.

a-Zirconium phosphate

Co (II) Ni(II) Mn (IT) Cu (II) Zn (II)
a (A) 9.073(1) 9.061(1) 9.163(1)  9.184(1) 9.091(1)
b (A) 5.297(4) 5.292(4) 5.301(4) 5.133(4 5.275(4)
¢ (A) 20.183(2)  19.883(3)  18.41(3)  19.553(2)  19.592(2)
3° 103.21(2)  103.18(2)  101.84(2)  101.35(2)  103.26(2)
dooz (A) 9.551 9.642 9.587 9.590 9.511
Vol. (A3) 938.89(6)  928.69(6)  877.15(7)  903.98(5)  914.78(6)
Rel. mass 1277.21 1394.06 1421.95 1385.86 1342.34
Atoms in 60.0 64.0 64.0 60.0 60.0
X-ray density (g.cm™?) 2.2589 2.4926 2.6919 2.5457 2.4366
Mass abs. coeff. (cm?.g~!) | 103.23 96.11 146.45 99.70 105.61

a-Titanium phosphate

Co (1) Ni (IT) Mn (IT) Cu (II) Zn (IT)
a (A) 10.722(3)  9.944(3) 9.296(4)  9.333(3) 8.037(3)
b (A) 5.407(5) 5.556(6) 5.519(6) 5.557(5) 5.556(6)
¢ (A) 24.611(2)  19.778(3)  21.556(3)  25.500(2)  23.981(2)
3° 106.80(3)  105.31(3)  104.65(3)  103.33(3)  104.42(3)
dooz (A) 11.409 9.604 10.220 12.596 11.994
Vol. (A3) 1366.07(8) 1054.13(8) 1070.32(8) 1287.07(8) 1037.41(8)
Rel. mass 1072.97 1190.75 1193.57 1222.58 1215.403
Atoms in 60.0 64.0 60.0 60.0 60.0
X-ray density(g.cm™3) 1.3043 1.8757 1.8517 1.5773 1.9454
Mass abs. coeff.(cm?.g™!) 104.24 95.73 157.73 96.67 100.19

a-Hafnium phosphate

Co (1) Ni (IT) Mn (IT) Cu (II) Zn (IT)
a (A) 9.276(1) 9.223(1) 9.217(2) 8.986(1) 8.623(1)
b (A) 5.408(4) 5.537(4) 5.580(4) 5.537(4) 5.594(3)
¢ (A) 19.826(3)  19.888(2)  18.928(3)  19.768(3)  18.899(2)
3° 101.33(2)  101.14(2)  101.18(2)  101.16(2)  101.31(2)
dooz (A) 9.737 9.760 9.755 9.690 9.714
Vol (A®) 975.18(7)  996.66(7)  955.36(7)  964.49(7)  893.97(7)
Rel. mass 1642.50 1642.15 1681.41 1742.44 1748.06
Atoms in 60.0 60.0 60.0 60.0 60.0
X-ray density (g -cm™3) 2.7969 2.7360 2.9225 2.9999 3.2470
Mass abs. coeff. (cm?.g~!) | 134.09 135.43 176.43 130.04 131.67

the constant value of the “b” axis. For the value of “c¢” axis, an increase on 0.1 A for

Zn-containing sample was observed. At the same time, the change in value of “c

[1P%)]

axis



528 L. Szirtes et al. / Central European Journal of Chemistry 5(2) 2007 516-535

showed a scattering among 0.9-5.7 A for other investigated samples containing various
transition metals. The biggest change in dgpe values was found. In Ni- (9.603 A) and
Cu- (12.596 A) containing samples The maximum difference in 3 angle (3°) was found
between the samples containing Cu and Co ions, respectively. In case of a-HfP samples,
all the changes in cell parameters showed big similarities with those of a-ZrP.
Comparing the cell parameters of samples containing various transition metals with
those of the corresponding pristine tetra-valence metal phosphates revealed a significant
difference only in the values of the “c” axes. The difference is ~ 5 1&, ~ 4-10 A and ~4
A in case of a-ZrP; o-TiP and o-HfP, respectively. An increase of 2° was found in (3
angle in case of a-ZrP and a-HfP. The samples of a-TiP showed a different picture, i.e.

o

an increase of ~2° ~3° ~4° and ~5° was found for samples containing Cu, Mn, Zn, Ni
and Co, respectively. Because of the difference in diameters of hydrogen and the used
transition metal ions, the dgg values are increased. It was found that this increase is
~2 A for the samples of a-ZrP and a-HfP, respectively. In the case of the a-TiP samples,
the same increases are different; i.e. 2 A for Ni, ~3 A, for Mn, ~4 A for Co and Zn, and
~5 A for Cu ion containing samples.

As an example, the difference plots of manganese containing ZrP, TiP and HfP (in

a-form) after refinement are presented on Fig. 4.

ZrPMn
4%““
HfPMn
)\ sttt
TiPMn

i Py T Lol
iy y
I " I N I 1

0O 10 20 30 40 50 60 70

2 O degree

Fig. 4 The difference plot of Mn(II) containing phosphates (measured and calculated).
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Using the same basic data mentioned above for a-HfP, the structure of the prepared
materials were modelled. As an example the 001 projection of Mn(II) containing a-HfP
is shown in Fig. 5. The resulting positional and thermal parameters are collected in
Table 10, while the selected bond distances and bond angle data are given in Tables 11
and 12, respectively.

Fig. 5 The 001 projection of Mn(II) containing a-hafnium phosphate structure.

It was found that all atomic distances and angles and also the temperature factors
showed no anomalous discrepancies.

4 Summary

In evaluating the bond distance data (Me-O1) of transition metal containing phosphates,
practically no difference was found between the samples containing various transition
metals. An exception was found for a-TiP samples.In this case, the bond distance values
are increasing with max. 0.04 A in the direction of Zn — Co containing samples. When
these data are compared with that of the pristine tetravalent metal phosphates, no differ-
ence was found among them for a-ZrP and a-HfP, while for the a-TiP samples the same
data are about 0.6 A less than those for pristine a-TiP.

When comparing the data of various phosphates in more detail, the O-H bonds showed
nearly identical value except those of titanium phosphate, where the bonds were found
to be about 0.2 A shorter than those for the other investigated phosphates. The Me-O
bonds (where Me = Zr,Ti and Hf, respectively) showed various character. For example,
the Me-O2 bond for hafnium phosphate was found to be longer than those for the other
phosphates. At the same time the Me-O6 bond was found the same for all three investi-
gated phosphates. The various P-O bonds, vary between 1.58 — 2.04 A and showed the
same values for all three investigated phosphates. Comparing these values with those of
pristine phosphates for example, in case of a-ZrP the bond length for transition metal
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forms was generally found to be ~0.04 A longer. In case of a-TiP, this value reached the
0.05 A, while in case of a-HfP, it was found ~0.4 A. Evaluating the bond angle results
did not reveal any considerable difference between the data of pristine tetravalent metal
phosphates and their transition metal containing forms.

From the XRPD pattern analysis, it was found that the “c” axis of the unit cell is
increased after the finishing of the ion exchange process, while the other lattice parameters
and the angle generally have an insignificant change. The interlayer distances significantly
increased corresponding to the atomic diameters [35] of given transition metal ions, which
were placed between the layers. This increase only partly follows the real increasing of
diameters of the given transition metal ions. It seems that the increase of interlayer
distance depends more on the rate of quantity of given transition metal ions up taken by
tetravalent metal phosphates. These facts caused insignificant distortion in the Me*™-O
bond distances, without changing the structure.

Taking into consideration the above data, it can be proposed that the transition metal
containing zirconium-, titanium- and hafnium phosphates have the same layered structure
as the corresponding pristine phosphates. The fact that the transition metals changed
place with hydrogen ions caused some distortion also in some O-H bonds.

5 Conclusion

Using the ion exchange method the first-row transition metal containing zirconium-,
titanium-, and hafnium phosphates were prepared. Using equilibration of the given so-
lutions at 80°the total exchange of protons for transition metals cannot be attainable.
The analytical data confirmed that the transition metal ions are changed in non-hydrated
form.

As aresult of XRPD analysis, it was found that the structure of titanium and hafnium
phosphates are isomorphous. Their transition metal containing forms also have layered
monoclinic structure. As a result of ion exchange, the interlayer distance and the ,c¢” axis
of the unit cell is increased and the change of hydrogen- for transition metal ions caused
some distortion inside the layer due to the change of some bond distances between the
Me*t and O and some O-H bonds. The samples containing various transition metals did
not show great differences.
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