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The thermal behavior of zinc phenylphosphonate has been
studied by temperature-dependent X-ray powder diffraction and
thermo-gravimetry in the temperature range 19-600°C. The dif-
ferent phases occurring during the decomposition have been identi-
fied, i.e., the anhydrous phase and the three successive polymorphic
varieties of Zn,P,0,. The first one is amorphous, 4-Zn,P,0, is
poorly crystalline, and y-Zn,P,0, is a metastable phase. The last
transforms into the f variety at higher temperature. The crystal
structure of y-Zn,P,O, has been solved ab initio from powder
diffraction data collected with conventional monochromatic X-
rays. The symmetry is orthorhombic with the cell dimensions a =
4.9504(5) A, b = 13.335(2) A, ¢ = 16.482(3) A, space group Pbcm,
Z = 8. The structure consists of infinite corrugated chains of ZnO,
trigonal bipyramids, running along [001]. These chains are linked
together by P,O, groups in the two other directions. The P,O3~
anions display low angles and an eclipsed conformation, contrary
to the o and ﬂ phases. © 1998 Academic Press

INTRODUCTION

In recent years the synthesis and crystal chemistry of
various layered metal phosphonates have received consider-
able attention, including zinc compounds (1-11). However,
only a few studies have described their thermal behavior.
Some elements of the thermal decomposition of zinc phenyl-
phosphonate monohydrate were reported by Frink et al. (6),
showing the formation of the anhydrous phase, but the next
stages of the decomposition were not completely elucidated.
On the other hand, in a recent work on uranium phenyl-
phosphonate it has been shown that uranyl diphosphate is
formed from thermal decomposition (12). Also, zinc diphos-
phates have been observed among the decomposition prod-
ucts of related zinc di(tert-butyl)phosphate complexes (13).
It is then of interest to reconsider thoroughly the different
stages of the decomposition of zinc phenylphosphonate,
both to elucidate the decomposition mechanism and to
know if zinc diphosphate is formed as final product. There is
here an additional interest in the study since several poly-
morphs of Zn,P,0- have been reported in literature (14).
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Among them, the crystal structures of the o« and f phases,
determined from single-crystal studies, have been described
(15, 16). For two other varieties, unindexed powder diffrac-
tion data for y-Zn,P,0O- (17) and for another metastable
modification (18) were reported.

The study of the thermal behavior of solids has greatly
benefited in the recent years from the development of temper-
ature-dependent X-ray powder diffraction with conventional
X-ray sources (19). It is of interest to extend the field of
applications to different classes of solids, such as precursors
of new oxide materials. This technique is applied here to
investigate the behavior of Zn(O3;PC¢Hs)- H,O in order to
identify the phases occurring during the thermal decomposi-
tion. As expected, it is demonstrated that zinc diphosphates
are formed in the final stages, particularly the metastable
phase y-Zn,P,0O-. Consequently, the present study deals with
the thermal decomposition of zinc phenylphosphonate, the
description of the stability conditions of zinc diphosphate
polymorphs, and the ab initio crystal structure determination
of y-Zn,P,0-, from powder diffraction data collected with
conventional monochromatic X-rays.

EXPERIMENTAL
Material Preparation

Zinc phenylphosphonate, Zn(O;PC¢Hs)- H,O, was syn-
thesized according to methods reported in literature (see
Ref. (6)), though zinc nitrate was used instead of zinc chlor-
ide. 0.1 M solutions of phenylphosphonic acid and zinc
nitrate were mixed in equimolar ratios, and the pH was
adjusted to 6. The resulting mixture was refluxed and kept
at 70°C for 1 day. The white precipitate obtained was
filtered off, washed with distilled water and ethanol (95%),
and, finally, dried at 40°C. The compound formed was
characterized by X-ray diffraction and identified as pure
zinc phenylphosphonate monohydrate (3).

Density measurements of the decomposition products
were carried out with an automatic helium picnometer
AccuPyc 1330 (Micromeritics).
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Thermal Analyses

Temperature-dependent X-ray diffraction (TDXD) was
performed with a powder diffractometer combining the cur-
ved position-sensitive detector from INEL (CPS 120) and
a high temperature attachment from Rigaku. The detector
was used in a semi-focusing arrangement by reflection
(CuKu, radiation, 4 = 1.5406 Z\) as described elsewhere (20).
With this geometry the flat sample is stationary. An 4° angle
between the incident beam and the surface of the
sample was selected. The thermal decomposition of
Zn(O3;PC4Hs)- H,O was carried out in flowing air with
heating rates of 25°C h™' until 300°C and 15°C h™*' to
600°C. To ensure satisfactory counting statistics, a counting
time of 2000 s per pattern was selected.

TG analyses were carried out with a Rigaku Thermoflex
instrument. The 20 mg powdered samples were spread even-
ly in a large sample holder to avoid mass effects. The TG
runs were performed in flowing air with a heating rate of
10°C h™! from room temperature to 900°C.

High-Resolution Powder Data Collection

High-quality X-ray powder diffraction data were ob-
tained for y-Zn,P,0- with a Siemens D500 diffractometer
with pure monochromated CuKa, radiation selected with
an incident-beam curved-crystal germanium monochrom-
ator with asymmetric focusing (short focal distance 124 mm,
long focal distance 216 mm). The alignment of the diffrac-
tometer was checked by means of the 00/ reflections of
fluorophlogopite mica (NIST SRM 675) (21). The zero error
was estimated as less than 0.01° (20). The instrumental
resolution function exhibits a shallow minimum of 0.065°
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(20) at about 40° (260) and has twice this value at 130° (26)
(22). For comparison, the average value of FWHMs at 40°
was 0.12° (20) for y-Zn,P,0-. The powder was mounted in
a top-loaded sample holder. The stability of the material
and the absence of significant preferred orientation of the
crystallites were checked by preliminary data collections.
The diffraction pattern was scanned over the angular range
10-150° (20), with a step length of 0.02° (20) and a counting
time of 23 s step” ! until 80° (20) and 46 s step~ ! to the end
of the scan. The full pattern was then scaled to 23 s step .
After data collection, the stability of the X-ray source was
checked by recording again the first lines. The extraction of
peak positions for indexing was performed with the
Socabim fitting program PROFILE, available in the PC
software package DIFFRAC-AT supplied by Siemens.
Phase identification was carried out with the program
SEARCH/MATCH from Socabim, combined with the
PDF1 data base (23). The program POWDER CELL was
used for structure drawings (24).

THERMAL BEHAVIOR OF ZINC
PHENYLPHOSPHONATE

Figure 1 shows the three-dimensional representation of
the powder diffraction patterns obtained during the de-
composition in air of Zn(O3PC¢Hs) - H,O, in the temper-
ature range 19-600°C. This plot reveals that the
decomposition of the precursor proceeds through four
stages. The TG curve is shown in Fig. 2. It exhibits only two
successive weight losses in the same temperature range.
These experimental results can be explained as follows.

(i) The precursor is stable until 75°C and then transforms
into the anhydrous phase, Zn(O;PC4H) (observed weight

FIG. 1.

TDXD plot for Zn(O3;PC¢Hs)- H,O.
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FIG. 2. TG curve for the decomposition in air of Zn(O3;PC¢Hs) - H,O.

loss, 7.6%; theoretical, 7.52%). These results agree with
those reported by Frink et al. (6). As shown in the three-
dimensional plot, the elimination of the coordinated water
molecule occurs without a significant change in position of
the strongest lines of the initial diffraction pattern, while
their intensity decreases significantly and new lines appear.
The powder diffraction pattern of the anhydrous phase has
been indexed with the program DICVOL91 (25), leading to
a monoclinic cell: a =14.492(5 A, b =5180(1)A, ¢ =
5.289(1) A, B =94.81(2)°. The powder data have been sub-
mitted to the ICDD (23) for possible inclusion in the
Powder Diffraction File. This monoclinic unit cell charac-
terized by satisfactory figures of merit [M,, = 44, F,5 =
61(0.0090.,46)] differs from the orthorhombic cell proposed
by Frink et al. (6). It should be noted that the magnitude of
the interlayer spacing asinff (=14.441 A) is related to the
spacing found in the hydrated phase (14.339 /o\) (3), which
suggests some structural relations between the two phases
(6).

(i) The anhydrous phase is remarkably stable until
330°C, from which the phase begins to decompose. The last
plateau is observed on the TG curve from 430°C and re-
mains constant until 900°C. The corresponding weight loss
is 36.0%, which is in accordance with the formation of
Zn,P,0; (theoretical weight loss: 36.38%). It is interesting
to note that in the temperature range 430—600°C the TDXD
plot displays several phases which must be explained by the
existence of polymorphic varieties of zinc diphosphate.

(iii) Figure 1 shows that Zn(O;PC4¢Hs5) leads at 430°C to
an amorphous phase with a global formula Zn,P,0O- as
shown from the TG curve (Fig. 2). Observations per-
formed ex situ revealed that the powder obtained is black.
Nevertheless, additional experiments carried out in air at
330°C, the onset temperature of the decomposition of
Zn(O3PC4Hs) in the TG experiment, showed that this

amorphous polymorph was also formed in one month and
that the material was thus white. No crystallization was
observed with longer times at this temperature. This result
suggests that the black color observed in the faster thermal
treatment is likely due to residual carbon arising from the
decomposition of the phenyl groups.

(iv) Amorphous Zn,P,0- crystallizes at 480°C to form
the polymorph 4-Zn,P,0,. The sample obtained is black
when prepared with a fast thermal treatment, but it is white
when it is prepared at 400°C in the oven over a few days.
Powder diffraction data for the black and white samples of
the phase é showed that the materials were identical, though
anisotropic diffraction line broadening was significant and
was reduced from 0.45° (26) in the black sample to 0.30° (26)
in the white sample. Nevertheless, no better crystallization
was obtained with longer annealing times. The powder
data for 6-Zn,P,0- are given in Table 1. Attempts to index
these data were unsuccessful, due to the lack of resolution
of the pattern. The density measured for this phase is
3.688 gcm .

(v) The last stage observed on the TDXD plot (Fig. 1) is
the formation at 550°C of a polymorph identified from the
interrogation of the PDF1 database (PDF Nos. 39-711 and
43-488) (23). Despite low agreement, it was clear enough
that the gray-phase obtained in the present study is y-
Zn,P,0,. When cooled at room temperature the y-phase
remained stable. Similar behavior was observed with
a white sample. The latter was formed in an oven after
heating at 430°C white 0-Zn,P,0O, for 1 week.

TABLE 1
X-ray Powder Data of 4-Zn,P,0,
20exp (deg) I/ dixe (A)
18.776 2 4.722
19.354 61 4.583
20.291 7 4373
21.961 100 4.044
23.714 47 3.749
25717 75 3.461
29.305 17 3.045
30.824 7 2.899
31.896 25 2.803
32.723 30 2.735
33.341 8 2.685
36.500 21 2.4597
37.709 7 2.3836
38.399 28 2.3423
39.128 13 2.3004
40.341 7 2.2340
41.315 2 2.1835
42.057 5 2.1467
42.865 5 2.1081
43.531 3 2.0774
44.158 6 2.0493




THERMAL BEHAVIOR OF ZINC PHENYLPHOSPHONATE 65

It is worth noting here the results reported recently by
Petrova et al. (18) on the crystallization study of the glass
27Zn0- P,0s;. Indeed, the phases observed during the ther-
mal treatment of this glass seem similar to those described
from amorphous Zn,P,0- formed from the decomposition
of Zn(O3;PCxHs). Consequently, the phases x and y ob-
served by Petrova et al. (18) should be named - and
y-Zn,P,04, respectively. Additional reported data, e.g. den-
sity, agree well with the data reported here. It should also be
mentioned that the transformation of y-Zn,P,0O5 into f-
Zn,P,05 reported at higher temperature (17), followed by
the formation on cooling of «-Zn,P,0-, was confirmed in
the present study.

AB INITIO STRUCTURE DETERMINATION OF y-Zn,P,0,
Pattern Indexing

Indexing of the X-ray powder diffraction pattern was
performed using the program DICVOL91 (25). The first 20
lines, with an absolute error of 0.03° (20) on peak positions,
were indexed on the basis of an orthorhombic solution with
the figures of merit M,, = 29 and F,, = 54 (0.0087, 43). The
correctness of this solution was confirmed from a review of
the powder data available, using the program NBS*AIDS8&3
(26). After this evaluation and refinement, the unit cell
dimensions were a =4.9504(5) A, b =13.33502)A, ¢=
16.482(3) A, and V =1088.12) A® with M,, =35 and
F3, =76 (0.0099, 40), according to the conditions for
nonextinction. The powder data have been submitted to the
ICDD (23) for possible inclusion in the Powder Diffraction
File. The systematic absences were found to be consistent
with the space groups Pbc2; and Pbcm. Moreover, the
calculated density (3.719 gcm™?), assuming a global for-
mula Zn,P,0, and Z = §, agrees well with both the ob-
served value (3.716 gcm ™ 3) and that reported by Petrova et
al. (18) (3.72 + 0.01 gcm ~ %) for a phase referenced as y. It is
interesting to note that the density values, 4.2 gcm 3 (15)
and 4.247 gcm ™3 (16), calculated for the o and f3 varieties
are somewhat different. Therefore, the structure of y-
Zn,P,05 appears as less compact than that of the two other
polymorphs. This is confirmed by calculating the chemical-
formula-unit equivalent volume V,, (= V,.u/Z) for each var-
iety, i.e., 120.6 and 119.1 A3 for phases « and f and 136.0 A®
for y-Zn,P,0,.

As indicated above, two powder diffraction patterns
for Zn,P,0O, [PDF files No. 39-711 and No. 43-488]
have been reported without indexing, in addition to the
data for the phase y (18). They have been analyzed from
the solution reported in the present study. The corre-
sponding figures of merit [M,, =7 and F,; =9 (0.0231,
99) for file No. 39-711; Mo =5 and F,o =10 (0.0439,
67) for file No. 43-488; M s =7 and F,5 = 6 (0.0264, 168)
for phase y (18)] reflect the poor quality of these powder
data.

The orthorhombic unit cell of y-Zn,P,0, was used to
interrogate the NIST-CDF database (27). No isostructural
related material was detected. Nevertheless, it is worth not-
ing the crystallographic relationship between the y form and
the monoclinic variety § [PDF File No. 34-1275 and Ref.
(16)]. This is apparent from the application of the trans-
formation matrix [0, %, 0/0, 0, 4/1, 0, 0] to the orthorhombic
cell of y-Zn,P,0,, from which results a new parameter
setting: @' = 6.668 A, b’ = 8242 &, ¢ =4.9504 A, and V' =
272.0 A3 This cell presents some parametric analogies with
the cell of B-Zn,P,0, (16), i.e., a = 6.61(1) A, b = 8.29(1) A,
¢ =451(1) A, B = 105.4(2)°, and V = 238.3 A3 (Z = 2). This
feature may reflect structural analogies between the struc-
ture of the y phase and that of the f phase, in which the
7 phase transforms upon heating. To shed light on these
apparent crystallographic relationships, the structure of y-
Zn,P,05 is obviously needed. Since no single crystals were
obtained for this variety, a powder sample was prepared
from the thermal decomposition in air of Zn(O;PC¢Hs)"
H,O at 600°C. X-ray powder data were collected at room
temperature. Two spurious diffraction lines with low inten-
sity, located at 29.42 and 29.68° (20), were detected in the
pattern. They were attributed to «-Zn,P,0- from the inter-
rogation of the PDF1 data base (23). These lines are the
strongest with the pattern of the o phase and correspond to
3% of the strongest line observed for the y phase. The
structure of y-Zn,P,0, was solved from these powder data
assuming the centrosymmetric space group.

Structure Determination

Integrated intensities were extracted with the program
EXTRA (28), based on the iterative decomposition algo-
rithm introduced first by Le Bail et al. (29). In the angular
range 10—80° (26), 347 structure factor amplitudes were
obtained, including 41.6% of symmetry-independent reflec-
tions. They were input in the direct-methods program
SIRPOW.92 (30). All 14 atoms were found from the first 15
peaks generated from the E map with the highest figure of
merit. Among the 14 independent atoms two phosphorus
and 4 oxygen atoms lic on special positions (see Table 3).
The refinement of the atomic coordinates of Zn, P, and
O led to a residual value R = 11.9%. At this stage, the
molecular geometry displayed by the program SIRPOW.92
was in agreement with the presence of diphosphate groups
and two 5-fold coordinated zinc atoms. A least-squares
Rietveld refinement using the program FULLPROF (31)
was carried out in the angular range 10—150° (20), contain-
ing 1166 reflections. A pseudo-Voigt function was selected
to describe individual line profiles, with a possible variation
of the mixing factor #. The refinement involved the follow-
ing parameters: 49 atomic parameters (including 14 iso-
tropic atomic displacement parameters), 1 scale factor,
1 zero-point, 3 cell parameters, 3 half-widths and 1 line
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TABLE 2
Details of the Rietveld Refinement for y-Zn,P,0,

Space group Pbcem
z 8

o

Wavelength (A) 1.5406
20 range (deg) 10-150
Step scan increment (26, deg) 0.02
No. of atoms 14
No. of reflections 1166
No. of structural parameters 50
No. of profile parameters 15
Rg 0.041
Ry 0.061
R, 0.116
R 0.150

wp

asymmetry parameter, 2 variables for the angular variation
of n, and 5 coefficients used to describe the functional
dependence of the background. The refinement converged
to satisfactory residual factors Rg = 0.041 and R,,, = 0.150.
No improvement was observed in refining the preferred
orientation parameter. The details of the Rietveld refine-
ment are reported in Table 2. Figure 3 shows the final
Rietveld plot. The residuals observed on the difference plot
may be partly explained by the presence of about 3% of the
impurity phase discussed above and, also, to a small aniso-
tropic line-broadening effect. It is interesting to note that
a very similar difference curve was observed in the pattern
matching stage for extracting integrated intensities, in which
no structure model is involved. It can then be concluded
that the discrepancies arise more from imperfect analytical
modeling of a few lines with different shape factors than
from small structural imperfections. The final atomic posi-
tions and atomic displacement parameters are given in

TABLE 3
Fractional Atomic Coordinates and Isotropic Atomic
Displacement Parameters for y-Zn,P,0,

Atom Site X y z B, (A2)
Zni 8¢ 0.0948(4) 004532)  058672)  1.25(5)
Zn2 8e 0.3202(4) 025752)  0.6564(1)  1.13(5)
P1 8¢ 0.5777(9) 0.14353)  04974(3)  0.89(9)
P2 4d 0.825(1) 0.1502(5) 075 13(1)
P3 4d  —0033(1)  —00578(5) 0.5 1.0(1)
o1 8e 0.1182)  —00501(7) 067455  08()
02 8¢ 0.408(2) 0.14156)  0.5710(6)  0.5(2)
03 8e 0.810(2) 0.0637(7)  0.5007(6)  12(2)
04 8e 0.406(2) 0.36356) 0.5793(6)  0.3(2)
05 4d 0.558(3) 0209(1) 075 0.6(3)
06 4e 0.734(2) 0.25 0.5 0.8(3)
07 8¢ —0.023(2) 0.1692(7)  0.6725(6)  1.4(3)
08 4d 0.744(2) 0035(1) 075 0.6(3)
09 4d 0.215(3) 0.349(1) 075 2.1(4)

Table 3. Table 4 displays bond distances and angles in the
structure.

DESCRIPTION OF THE STRUCTURE

A projection of the three-dimensional structure of y-
Zn,P,0- onto the (100) plane (Fig. 4) shows that the struc-
ture can be described from a framework with lower dimen-
sionality. It is built from edge-sharing ZnOs polyhedra
forming corrugated chains running along [001]. The P,O-,
groups ensure both the cohesion within a chain and the
propagation of the structure by connecting the chains to-
gether along the two other cell directions. The projection of
the corrugated chains along [001] displayed in Fig. 5 shows
that two adjacent chains in the direction of b axis make an
angle enforced by the P-Oy—P angle of the diphosphate
groups. The zinc atoms adopt a 5-fold coordination in the
form of slightly distorted trigonal bipyramids (Fig. 6). They
are linked within a chain according to the sequence
[...Zn1-0,-Zn1-0,-Zn2-0,-Zn2 ... ], which is charac-
terized by an alternation of two distinct pairs of zinc atoms
as illustrated in Fig. 4. The two Zn1O5 and Zn20O5 poly-
hedra have the O2-O7 edge in common, whereas the
03-03" and O5-09 edges bridge two Zn1Os and two
Zn20s units, respectively. The Zn-Zn distances within
a chain fall into two groups: 3.084 A, involving only Zn2
atoms running parallel to the ¢ axis, and 3.242 A between
two Znl atoms, which is close to the Zn1-Zn2 distance, i.e.,
3252 A. The Znl-O distances vary from 1.930(9) to
2.25(1) A [mean value 2.06(1) A] while the Zn2—O distances
lie between 1.949(9) and 2.136(9) A [mean value 2.049(9) A].
Moreover, it is noticeable that the lowest distances in the
two polyhedra are between zinc atoms and the unshared
oxygen atom, i.e.,, Zn1-O1 and Zn2-0O4. In order to con-
firm the 5-fold coordination for zinc atoms, calculations of
bond distances in various polyhedra were performed with
the program VALENCE (32). The coordination numbers 4,
5, and 6 were chosen for the zinc element. A theoretical bond
distance of 2.04 A for a 5-fold coordination was obtained, in
agreement with the mean values calculated above for the
two polyhedra. Furthermore, calculations for 4- and 6-fold
coordinations led to bond distances of 1.96 and 2.11 A,
respectively, making unlikely these coordination numbers.
As already mentioned, zinc atoms are in somewhat distorted
trigonal bipyramids (Fig. 6). The axial O3"-Zn1-O7 and
02-Zn2-09 angles are 175(1) and 170(6)°, not too far from
the ideal value of 180°. The deviation of Znl and Zn2 from
the plane of the triangles 010203" and 040507 are 0.029
and 0.026 A, respectively. According to the distances be-
tween zinc atoms and these oxygen atoms, this result re-
markably points out the unusual geometry adopted by the
two zinc atoms. The two independent P,O% ™ anions exhibit
nonlinear P-Oy—P bonds, both with rather low angles, i.c.,
122.9(8)° for P1-O6-P1 and 124(2)° for P2-O8-P3, and
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FIG. 3. Final Rietveled plot for y-Zn,P,0-. The upper trace shows the observed data as dots, while the calculated pattern is shown by the solid line.
The lower trace is a plot of the difference: observed minus calulated. Note that the intensity scale is different for the high-angle region.

show an eclipsed conformation. The PO, tetrahedra present
one long P-O distance with the bridging oxygen atom
(average 1.619 A) and three shorter distances with the ter-
minal oxygen atoms (average 1.513 A), in accordance with
the discussion developed by Baur (33) regarding to the
predictive relationships for the phosphate groups.

DISCUSSION

Zinc atoms with coordination number 5 have also been
observed in the structure of «-Zn,P,0- (15). However while
all zinc atoms in y-Zn,P,0, are 5-fold coordinated, their
coordination is both 5 and 6 in «-Zn,P,0, and only 6 in the

high-temperature form f-Zn,P,0,. It is, to our knowledge,
the first time in the family of phosphates that all Zn atoms in
the structure are 5-fold coordinated. Moreover, mixed co-
ordination numbers are also found in pure y-Zn;(PO,),
(34). Nord and Kierkegaard (35) showed that two-thirds of
the Zn atoms were 5-fold coordinated, in the shape of
distorted trigonal bipyramids (36). In y-Zn,P,0-, the two
highest bond lengths are related to the axial distances
Zn1-07 and Zn2-02. The same feature, but more notice-
able, was also pointed out in the ZnOs polyhedra of y-
Zn3(PO.,),, in which the highest value is 2.40 A [see Table 3
of Ref. (37)]. This observation was later extended to the
farringtonite phases, (Zn; - .\Mg,)3(PO,),, in which the axial
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TABLE 4
Selected Bond Distances (A) and Angles (°) with Their Standard
Deviations for y-Zn,P,0,

Within the ZnO, polyhedra

Zn1-01 1.930(9) Zn2-02 2.136(9)
Zn1-02 2.029(9) Zn2-04 1.949(9)
Zn1-03! 2.01(1) Zn2-05 2.048(9)
Zn1-03" 2.10(1) Zn2-07 2.08(1)
Zn1-07 2.25(1) Zn2-09 2.03(1)
Within the P,O, groups
02-P1-03 112(1)
P1-02 1.48(1) 02-P1-04" 111(1)
P1-03 1.57(1) 02-P1-06 105.4(9)
P1-0O4" 1.53(1) 03-P1-04" 113(1)
P1-06 1.617(7) 03-P1-06 104.1(8)
o4"-P1-06 110(1)
P1-O6-P1™ 122.9(8)
05-P2-07" 110(1)
P2-05 1.53(2) 05-P2-07" 110(1)
P2-O7" 1.50(1) 05-P2-08 106(2)
P2-07Y 1.50(1) o7V-P2-07v 116(1)
P2-08 1.59(2) O7"-P2-08 107(1)
07Y-P2-08 107(1)
O1-P3-01v 117(1)
P3-01 1.46(1) O1-P3-0¢8' 107(1)
P3-O1™ 1.46(1) O1"-P3-08' 107(1)
P3-08' 1.65(2) O1-P3-09"" 111(2)
P3-09"! 1.54(2) O1V-P3-09"™" 111(2)
08'-P3-09"" 103(2)
P2-08-P3" 124(2)

Note. Symmetry code: I, x — 1, y, z; I 1 —x, —y, 1 —z 11, x, 0.5 — y,
1—zIV,14+x,y,zV,1 +x,y,1.5—2z VLx,y,1.5—z VII, —x,y—0.5, z.
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FIG. 4. View of the unit cell of y-Zn,P,0, along the a axis, with
b vertical and ¢ horizontal. Large black circles, P atoms; small black circles,
Zn atoms; grey circles, O atoms.

BATAILLE, BENARD-ROCHERULLE, AND LOUER

distances range from 232 A for x=027 to 2.19A for
x =0.80 (38). Moreover, the average Zn—-O distances
[2.06(1) and 2.049(9) A] in y-Zn,P,0, can be compared
with those observed in a-Zn,P,0- (2.038 and 2.027 A for
the two 5-coordinated zinc atoms) (15), in y-Zns(PO,),
(2.05 /0\) (37) and in the farringtonite phases (2.05 A until
x = 0.5 and 2.03 A for x > 0.5) (38).

In the structure of y-Zn,P,0, the bond lengths and the
angles P-O,—P agree well with the dimensions reported for
various diphosphate anions (see Refs. (14) and (39)). It is
interesting to mention here the plot P-O,—P (deg) versus
P-O, (A) reported by Mandel (Fig. 2 in Ref. (39)) which

R : )

SRl
A LD f
-3'4 f..}rjr .

]

FIG. 5. Projection of the structure of y-Zn,P,0 along the ¢ axis (b
vertical and a horizontal). For clarity Zn atoms and O atoms are omitted,
except bridging diphosphate O atoms.
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FIG. 6. View of the environment of Zn atoms.

illustrates the strong relationship between the phosphorus-
bridging oxygen bond length (1.63-1.54 A) and the bridging
angle (123-180°), covering both wide ranges. Indeed, the
longest P—O,, distances (~ 1.63 1&) correlates well with the
smallest P-O,—P angles (~ 123°) and, inversely, the shortest
distances (~ 1.54 1&) with the largest angles (formal 180°).
The angle values reported here for y-Zn,P,0- are located
satisfactorily at the lower angle limit in the plot. A similar
feature is observed in the phases «-Na,CuP,0O-, and
p-Na,CuP,0-, in which the P-O-P angles are remark-
ably low, ie., 118.7(2) and 120.2(1)°, and are accom-
panied by long P-O, distances, 1.633(2) and 1.613(1) A,
respectively (40).

The two P,0O- groups in y-Zn,P,0- exhibit an eclipsed
conformation, as it is observed in the compounds 4,P,0-
where A is a large cation with a ionic radius greater than
0.97 A, e.g., Ca, Sr, Ba, Pb. The last are related to the
dichromate-type compounds (41). At the opposite, 4,P,0,
compounds with ionic radii of A less than 0.97 A are related
to the thortveitite-type structure. This type includes the two
zinc diphosphate polymorphs « and f, and some other 3d
transition metal diphosphates, in which the P,0- groups
display a staggered conformation. With regard to the con-
formation and the distortions within P,O, groups in y-
Zn,P,04, it is clear that the structure is far from the thor-
tveitite type. Surprisingly, y-Zn,P,0- can be included in the
dichromate-type compounds, even though the ionic radius
of Zn?" does not correspond to those predicated by the type
of the structure. This observation is likely to be related to
the fact that the chemical-formula-unit equivalent volume
Vi, for y-Zn,P,0; is notably different from the two close
volumes, Vg, and qu, calculated for «-Zn,P,0O, and f-
Zn,P,0,. In the same way, from the density of 6-Zn,P,0O-,
(3.688gecm™3), close to the density of y-Zn,P,0,
(3.716 gcm ~3), it can be suggested that the § phase would
crystallize with the dichromate-type structure. Unfortunate-
ly, the quality of the powder data is not good enough to
undertake a structure study.

To conclude, temperature-dependent X-ray powder dif-
fraction has revealed the existence of Zn,P,0, polymorphs,
which could not be identified by TG measurements, illustra-
ting again the power of this technique. The structure of
y-Zn,P,0- has been completely solved ab initio from powder
diffraction data collected with a conventional X-ray source.
The polymorph y crystallizes with a new structure type, by
comparison with the two other polymorphs o and f.
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