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Abstract

The crystal structure of CaZr(R)@ has been revised lap initio Rietveld analysis of X-ray
powder diffraction data. At room temperature, C&Z3), crystallizes in the orthorhombic
space grouPna2; (Z = 4). Differential thermal analysis suggests arsible second order
transition at 1000°C confirmed by high temperaXiRD analysis that brings out the
existence of a high temperature form, very sintidathe room temperature one, but more
symmetrical Pnma Z = 4). Analysis of the crystal parameters evolutioming heating
reveals that CaZr(P{) exhibits a quite low thermal expansion coefficieh6.11 1PK™.

This value stems from a combination of several maEms, including Coulombic repulsion

and bridging oxygen rocking motion.
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Highlights:

Room temperature structure CaZr@pQvas revised

A high temperature form of CaZr(Rpwas described for the first time

Thermal expansion of CaZr(Rfp was studied on the basis of the evolution of tiystal

parameters evolution during heating



1. Introduction

M"'"M'V(PQ,), compoundsN"= Cd, Ca, Sr, Pb, B’ = Ge, Ti, Mo, Sn, Hf, Zr, Pu, Np, U,
Th) are subject of intensive research since theygsved to be interesting as ionic
conductors, dielectrics, catalysts, ion exchandemsinescent materials and UV-emitting X-
ray phosphors [1-7]. They also find applicationshie nuclear cycle, either as host matrices
for actinide radwastes or, more recently, as prtsdofcthe reaction of the spent nuclear fuel
with tributyl phosphate during the reprocessin@p3-

M"M""V(PQy), can be classified according to their crystal streee One can distinguish two
main groups, depending on the cations size:

- The cheralite-type compounds, analogues of mon&=tQ, where trivalent Ce is
replaced randomly byl andM’. The archetype, CaTh(R)2, also named brabantite, was
described by Roset al.in 1980 [23]. Cheralite compounds crystallizehia tnonoclinic

P2:/n space groupZ = 4) [24]. This structure consists of chains mapdoy alternating
edges-linked irregular ninefold-coordinatéd\V’ cations and distorted tetrahedral phosphate
groups. This structural form can be found for higliusM’ cations (.e. actinides).

- For smalletv’" cations, like those of the andd-blocks, most of tht1"M' "V (PQ,),
compounds crystallize in the yavapaiite-type striree(isotype of KFe(S£),), which consists
of layers running parallel to the (001) plane bugtof corner-connectddOg octahedra and
PO, tetrahedra. Thi!" cation takes place into the interlayer, in a teld-bxygen
environment [25]. Several derivatives of this atgpe, or “distorted yavapaiites” have been
observed, according thd" andM’" cation size [26-28].

Nevertheless, some compositions exhibit a cleaffgrént crystal structure, like CaZr(R),
PbSn(PQ), and SrNp(P®). [1,29,30]. The structure of CaZr(R@was determined for the
first time by Fukudaet al.from powder diffraction data [31]. The structurassffound to be

orthorhombic (space grolR2,:2,2;, Z = 4). Ca and Zr cations are both sevenfold coatdith



but are located in different sites, unlike in theralite structure. On the other hand, the
structure is not a layered one, as observed fapaiite compounds. Within the
M'"M' Y (PQ,), family, Cazr(PQ). is the compound in which the best optical propsrtiere
observed [32]. For such applications, a perfectrifgtion of the crystal structure, including a
very accurate knowledge of cations environmentanchic distances is required, especially
for crystal field calculations. As described in fbowing sections, our XRD observations
suggest that the crystal structure proposed by drauktial. is not the most relevant one. In
this paper, we propose a revision of the crystatcsire of CaZr(Pg).. A low and a high
temperature forms are proposed. The mechanisnine gfitase transition and the thermal
expansion of the low temperature form are alsord®sd from the lattice thermal evolution

during heating.

2. Experimental

2.1. Synthesis and characterization

CaZr(PQ), compounds were obtained from a conventional stéite route. Based on the
previous work of Popat al, a mixture of CaC@(Prolabo, 99.5%), Zrg(Aldrich, 99.9%)
and 15 wt.% excess of NH,PO, (Aldrich, 99.99%) were ground and fired slowlyaim up
to 1200°C for 10h in a platinum crucible [33]. Timermal cycle was performed twice in
order to avoid the presence of unreacted phasesld?@urity was checked by X-Ray
powder diffraction. Thermal stability and possiplease transition were studied under air
using a Setaram DTA-TG instrument. XRPD was peréatron a Panalytical X'Pert Pro
diffractometer with an incident-beam Ge monochramaitU = 45 kV and = 40 mA. The
apparatus was equipped with an Anton Paar HTK Ne@@rnace for high temperature
diffraction. The patterns for structural analysisresrecorded over 8h in the<®6< 140°

range (130° at high temperature), step 0.013°tl@measurement of the thermal expansion,



the patterns were recorded at high temperatuigeisame range but over 1h. The Rietveld
analyses were carried out with the Fullprof sus4][ Structures were drawn using the

VESTA software [35].

2.2. Structure resolution

Except for minor reflections ascribed to spuriol&Nike Ca sZr(PQy)3 (< 5 %), the

powder XRD pattern of the sample appears very aim that reported by the ICDD file 73-
2816 calculated from Fukuda’s structural data. Mindess, while th€2,2,2; space group
proposed by these authors supposes that systeswétiction only affects the00, kO and

00l reflections with odd Miller indexes, clear hintstibe presence of two glide mirrors are
observed: & one perpendicular to Fukuda’s cell edgend an one perpendicular to ttee
edge. For instance, the relevant reflectiors, (0= 2n+1 andhkO, h+k = 2n+1, barring
overlapped ones) are extremely weak, respectiesly than 0.1 and 0.6 % in intensity in the
ICDD file. From our own XRD pattern, those peaks ({2 the 0 < Z< 80° range) were all
found to be non-observable. Likewise, the Rietaidlysis performed in Le Bail's (profile
matching) mode with the symmorphienmmspace group resulted in a mean intensity of less
than 0.1 % for all of them. In Fukuda'’s axes segitimese conditions account either for
acentric space groupc2:n (Pna2; in standard setting) or for centRcmn(Pnm3. A test of
second harmonic generation with an incident YAGlaker beam at 1060 nm was negative,
thus no conclusion could be achieved on this basis.

The three most probable space grolisa?;, Pnma P2;2,2;) were considered for the
refinement of the crystal structure at room temjueea termedax-CaZr(PQ),. Anisotropic
thermal displacements were refined for the heavai@hZr atoms, but all the oxygen atoms
of a same P@tetrahedron were given the same isotropic fadtioe. anisotropic Lorentzian

peaks broadening due to crystallites size effeets mvodeled using the spherical harmonic



profile function. Spurious GaZr,(POy); was treated as a secondary phase in the Rietveld
analysis. For all the models, the refinements peréal with “free” oxygen coordinates

resulted in poorly realistic P-O distances (1.46t13), like in Fukuda’s reported data (1.46-
1.59 A). Considering the covalency of the P-O btirad makes its length highly predictable

in a monophosphate (1.54 A), soft constraints a@mlied on these distances.

3. Resultsand discussion

3.1 Crystal structure of the room-temperature foorCazZr(PQ,),

The following discussion deals mainly with the detmation of the space group of the room-
temperature form. This point is pretty delicate tlo& one hand because the two hemihedral
groups Pna2; andP2;2;2;) are subgroups of the holohedral oRertg, on the other hand,
because the three structural models only show ndliffarences after refinement. As shown
by Fukuda, the edge-connected Ga@d ZrQ polyhedra form linear chains. The PO
tetrahedron shares two opposite edges with-@alyhedra and the P2®@etrahedra shares an
edge with a Zr@ Setting the floatingz, coordinate in the pold®na2; space group at the
same value as in tH2,2,2; model, the atomic positions appear only faintistaint between
the two hemihedral models (Zr: 0.02 A; Ca: 0.034; 0.07 A; P2: 0.01 A; distances
between oxygen positions are not significant beeadfishe lower weight of these atoms and
the application of soft constraints). The relidipifiactors are not significantly differerReagq

= 0.0308 forPna2;, 0.0324 forP2,2,2;), but the systematic absences Egperimentd)
account for thé>na2; solution rather than for tHe2,2,2; one, defended by Fukuéaal

The choice between thina2; andPnmaspace groups (with-c axes permutation) can hardly
be made on the sole basis of the reliability fa&{Bgragg= 0.0308 and 0.0387 respectively)
because of the lesser number of intensity-depenmaameters in the latter form (52 and 35

respectively). Indeed, the decision hangs on tietence of then mirror. In the holohedral



form, all the cations and half of the oxygen aniares supposed to occupy this special (1/4 or
3/4) position. Once again, the variations of thiocs positions are faint (Zr: 0.00 A; Ca: 0.01
A; P1: 0.06 A; P2: 0.04 A), but in this case thiftstof the oxygen anions involved in edge-
sharing between Ca and P1 on the one hand (0.20.28d) and Zr and P2 on the other
hand (0.27 and 0.25 A) are significant enough ttaken into account. Actually, these shared
edges, ideally parallel to theaxis in thePnmacell, exhibit a clear zig-zag geometry in the
Pna2; one as a result of the distortion of the;R€rahedra (Fig. 1. lower view). The same
distortion is observed in Fukuda’s structure. Besjdhe 023-P2-024 (96.5(8)°) angle
corresponding to the shared edge between Zr amgl|IB®, because of the Coulombic inter-
cations repulsion. As will be shown in the follogjrthese structural features play a role in
the peculiar thermal expansion of the compoundnManquisition and refinement parameters
are reported in Table 1, atomic coordinates in @&nd bond lengths in Table 3. The
crystal structure ofi-CaZr(PQ), is drawn in Fig. 1. The resulting final Rietvelld{s are

shown in Fig. 2.

3.2. Phase transition and high-temperature fga@aZr(PQ,);

CaZr(PQ), appears to be stable up to 1200 °C and melts batd@800°C and 1400°C. No
peak can be observed by conventional differerttairhal analysis between 1000°C and
1200°C, suggesting that theto 3 transition could be a reversible second orderehas
transition. Because no significant variation wasesied in the diffraction pattern above this
temperature, we refined the structure again irPtha2; space group (Tables 1-2). This time,
the cations positions turned out to be so fairtiftesd (< 0.004 A, lower than the estimated
standard deviations) that they could be considasddcated right on the-mirror of the
Pnmasetting. This high-temperature form will be ternflie@azr(PQ), in the following. As

shown by Table 3, its crystal structure is veryikinto that ofa-Cazr(PQ).. Therefore, the



o-f transition appears as a typical second-order phenon in agreement with its thermal

signature.

3.3 Thermal expansion

The relative variation with temperature of the paltameters and Ca-P and Zr-P distances of
a-Cazr(PQ); is plotted on Fig. 3.

Thermal expansion was calculated according todhewing linear equation:

a, :%d—lT ()

Values are reported on Table 4. The mean relatieat thermal expansion (I) was
determined by dividing the volume expansion by 3.

The resulting relative linear thermal expansionesgup to be quite low compared to that of the
most common oxides (6.16.7-8, 8-12, 9-12 18K for alumina, zirconia, magnesia,
respectively). Results also show that thermal esjoaris rather anisotropia¢ = 6.7 16P.K"
Y. a-Cazr(PQ), mostly expands along tlaeaxis. b- andc- axes exhibit similar thermal
expansion coefficients. Comparison of thermal bedraaf CaZr(PQ), with that of some
other phosphates (Table 5) reveals that this congbexhibits a interesting combination
between low value and moderate anisotropy of theex@ansion. Associated with a good
thermal stability (up to 1200 °C), CaZr(P@appears to be an interesting material for
applications that require a good dimensional stghilith temperature.

The thermal expansion behavior of CaZrgRB@an be explained regarding the polyhedral
connections (see Fig. 1). In this structure, défgrithermal expansion mechanisms can be
observed, all described by Sleight on other mdge2]. Along thea axis, strong Coulombic
repulsion occurs between edge-sharintj Znd P* cations since the Zr-P2(a) distance are

short and oxygen atoms screening effect is lowltieg in a strong thermal expansion of the



Zr-P2(a) distance (Figs. 1 and 3, Table 4). Oroy@osite, when polyhedra are corner-
connected, the oxygen shared by theZa@d P2(b)® polyhedra oscillates within an
ellipsoid oriented roughly perpendicular to the @#P axis. Since the Zr-O and P-O bonds
are strong enough to present negligible thermahesion, the transverse motion of oxygen
pulls the cations closer together. This so-callegKing effect” can explain the quite
negligible thermal expansion of the Zr-P2(b) disarCaQ polyhedra are only linked by
edge to the two PQetrahedra. The Coulombic repulsion is weaker thahe case of Zf
because of the lower valency and higher ionic ofuC&" leading to a lower thermal
expansion. Note that the shortest Ca-P distareeCa-P1(a)) shows the highest thermal
expansion coefficient. The combination of thesenpineena leads to a moderate thermal
expansion along theaxis. The Coulombic repulsion between cations@lbea axis has a
consequence on the thermal expansion atofitpe oxygen atoms involved in the edges
perpendicular to th-P bonds are getting closer, leading to a low tlaéerpansion along
(Fig. 4). Alongb, the structure presents several connections mecgrespecially between
CaGOr and PQ. This results in a very low thermal expansion gltris direction by oxygen

rocking effect.

4. Conclusion

A revised structure of CaZr(RJ2 has been proposed. For the first time, the extstenha

high temperature form of this compound has beehligigted. These structures are strongly
different to that of most of the other compoundshefv" M’V (PQ,), family (yavapaiite and
cheralite). Analysis of the crystal parameters etioh during heating reveals that CaZr@p0
exhibits a quite low thermal expansion coefficieh6.11 1(PK ™, suggesting that this

compounds could find applications when dimensiatatbility is required.
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Appendix A. Supplementary data
Supplementary data related to this article:
- CIF and CheckCIF files ai-CaZr(PQ),
- CIF and CheckCIF files @g-Cazr(PQ):
- CSD number oéi-Cazr(PQ),: 428800
- CSD number op-CaZr(PQ),: 428801

- Peak list file ofo-CazZr(PQ);
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Tables caption

Tablel

Main acquisition, refinement and lattice dataderandp-CaZr(PQ)..

Table?2

Atomic positions and thermal factors fwr andf-CaZr(PQ)..

Table3

Bond lengths im- andB-Cazr(PQ); (in A).

Table4

Thermal expansion ia-CazZr(PQ)..

Table5

Comparison of thermal expansion of CaZrgB@ith some other phosphates
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Figures caption

Fig. 1. Views of the structure af-CaZr(PQ);

Fig. 2. Rietveld plots fora-CaZr(PQ), andB-CaZr(PQ).: Yobs (dOtS),Ycalc (SOlid, upper)yops

Yeale (SOlid, lower), Bragg positions (bars)

Fig. 3. Thermal evolution of the cell parameters (a) aaeRCand Zr-P distances (b, see Fig.

1. for atoms nomenclature)

Fig. 4. Coulombic repulsions between cations lead to thghmal expansion aloregand low

thermal expansion along
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Tablel

Main acquisition, refinement and lattice dataderandp-CaZr(PQ)a.

Apparatus

Panalytical X'Pert Pro

Anode, monochromator

CuKal (40 kV, 45 mA), Ge (111)

Form

a-Cazr(PQ),

B-Cazr(PQ).

Temperature

20 °C

1200 °C

Scan range, step, tir

8.00< 26< 140.00°, 0.013°, 8 h

8.0026<130.00°, 0.013°, 8 h

Measured reflections 626 576
Intensity / profile parameters 52 /14 35/14
Reliability factors R, =0.01:Z Rp=0.1%
Rwp= 0.018 Rwp = 0.20
Reragg = 0.035 Reragg = 0.073
¥ =82 ¥ =6.4
System, space gro! orthorhombicPne2; (33) orthorhombicPnme (62)

Cell parameters, volun

a=6.2330(2) /
b= 14.4852(5) A
c=6.7213(3) A

V = 606.84(7) R

a=6.3125(2) A (=)
b=6.7512(2) A (=)
c=14.5537(4) A (,)

V = 620.23(6) R

Formula per cell / calc. density

4/3.52

4/3.44
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Table?2

Atomic positions and thermal factors fr and(3-CaZr(PQ)s..

o-Cazr(PQ),

B-Cazr(PQ).

Atom | x y z B* (A% X y z B* (A9
Ca | 05492(2)| 0.3518(1) 0.256(2) 1.74(4)| 05466(5)4 1 0.3534(3) | 3.82(9)
Zr 0.8239(1 | 0.3907(1 | 0.7¢ 161(L | 0.8340(2 | 3/ 0.3896(1 | 2.07(3
P1 0.5459(2)| 0.1151(1) 0.2435(d) 2.05(6)]  0.5385(5)/4 0.1146(3)| 2.26(8)
O11 | 0.6996(6 | 0.0306(2 | 0.244(4 | 1.24(6 | 0.687(1 | 1/4 0.0292(5 | 3.4(L

01z |0.6784(7 | 0.2051(2 | 0.238(3 0.681(1 | 1/ 0.2001(5

O13* | 0.396(2) | 0.1194(7)| 0.425(2) 0.3901(8) 0.880) | 0.1119(5)

014 | 0.389(2 | 0.1043(6 | 0.067(2

P2 0.1313(2)| 0.8533(1) 0.2480(4) 2.16(6)|  0.1281(5)/4 0.8520(2)| 2.5(1)
021 | 0.1728(7 | 0.7493(2 | 0.268(2 | 1.43(7 | 0.169(1 | 1/4 0.7482(4 | 35(L

022 | 0.3425(5)| 0.9078(3) 0259(3) ° 0.339(1]  1/4 08H(6)

023 | -0.014(2 | 0.8730(6 | 0.428(1 "0.146(8 | 0.4196(8 | 0.8815(5

024* | -0.016(2 | 0.8970(5 | 0.091(1

* given values ar@;s, for oxygen and phosphoruBs, for calcium and zirconium. F@®aniso

see supplementary material

** atoms O13 and 014 af-CaZr(PQ), merge into a single atom in tBeform, idem for

023 and 024

17




Table3

Bond lengths im- andB-Cazr(PQ); (in A).

Bond o-Cazr(PQ), B-Cazr(PQ), Bond o-Cazr(PQ), B-Cazr(PQ),
Ce-011 2.766(4 2.842(9) Zr-02z 2.095(3) 2.073(7
Ce-012 2.275(4) 2.387(9) Zr-02¢ 2.287(9) 2.322(6)
Ca-012 2.457(5) 2.435(9) Zr-024 2.20(1)

Ca-013 2.48(1) 2.539(6) P1-011 1.553(4) 1.556(9)
Ce-014 2.55(1 P1-012 1.545(4 1.536(9
Ce-022 2.23(1) 2.276(6) P1-0O12 1.54(1 1.539(5
Ca-024 2.35(1) P1-014 1.54(1)

Zr-011 2.033(3) 2.035(7) P2-021 1.533(3) 1.532(7)
Zr-013 2.23(1 2.184(5) Pz-022 1.536(4 1.530(8)
Zr-014 2.17(1) Pz-02¢ 1.537(9 1.519(6)
Zr-021 2.032(3) 2.006(6) P2-024 1.538(9)

Bond valence sums (v.u.) from [36]: Ca : 2.&%2, (1.99 @); Zr: 4.06 (1), 4.06 @3); for O-P-O

angles, see supplementary material
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Table4

Thermal expansion ia-CaZr(PQ)a.

Parameter a (10°K™) Distance a (10°.K™)
a 10.5 Zr-P2(a 16.4

b 41 Zr-P2(b 0€

c 38 Ca-P1(a) 13.9

| 6.1 Ca-P1(b) 59

Note that P1(a)/P1(b) and P2(a)/P2(b) refer testtrae atom P1 and P2, respectively.
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ACCEPTED MANUSCRIPT

Fig. 1. Views of the structure af-CaZr(PQ),
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a-Cazr(PO,),
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Fig. 2. Rietveld plots forn-CaZr(PQ), andp-CaZr(PQ).: Yobs (dOtS),Ycalc (SOlid, upper)yobs

Yeale (SOlid, lower), Bragg positions (bars)
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Fig. 3. Thermal evolution of the cell parameters (a) aneRCand Zr-P distances (b, see Fig.

1. for atoms nomenclature)
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L.

Fig. 4. Coulombic repulsions between cations lead to thghmal expansion alorggand low

thermal expansion alorg
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Highlights:

Room temperature structure CaZr(POs), was revised

A high temperature form of CaZr(PO4), was described for the first time

Thermal expansion of CaZr(PO,), was studied on the basis of the evolution of the crystal

parameters evolution during heating



check CIF/PLATON report

You have not supplied any structure factors. As a result the full set of tests cannot be run.

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED

CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. |

CIF dictionary [ Interpreting this feport

Datablock:
Bond precision: P- 0 =0.0074 A Wavelength=1.54180
Cell: a=6.2330(1) b=14.4852(4) €=6.72130(1)
alpha=90 beta=90 gamma=90

Temperature: 293 K

Calculated Reported
Volume 606.841(19) 606.841(19)
Space group Pna?z2l Pna?Z2l
Hall group P 2c-2n P 2c-2n
Moiety formula O8 P2 Zr, Ca 08 P2 Zr, Ca
Sum formula Ca 08 P2 zr Cal O8 P2 zr
Mr 321.24 321.24
Dx,g cm-3 3.516 3.516
Z 4 4
Mu (mm-1) 27.547 27.547
FO00 616.0 616.0
FO00’ 620.78
h,k,Imax 7,17,8 7,17,8
Nref 1147[ 626] 626
Tmin, Tmax
Tmin’

Correction method= Not given

Data completeness= 1.00/0.55

R(reflections)=

S =

Theta(max)= 69.998
wR2(reflections)=

Npar=

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-Ilevel.
Click on the hyperlinks for more details of the test.



http://www.iucr.org/iucr-top/cif/cif_core/definitions/index.html
http://journals.iucr.org/services/cif/checking/checkcifreport.html

@ Alert level B
[PCATIIT ALERT 2 B ADDSYM Detects (Pseudo) Centre of Symmetry ..... 100 %Fit

“ Alert level C

[IPLAT163 ALERT 4 ( Missing or Zero su (esd) on z-coordinate for ... ZR
[PLAT21I3_ALERT 2 _{ Atom Ca has ADP max/min Ratio ..... 3.9 prolat

“ Alert level G

Polymeric Structure Found with Dimension ....... 3 Info

ADDSYM Detects Additional (Pseudo) Symm. Elem... m Check
ADDSYM Suggests Possible Pseudo/New Space group.  Pnma Check
su on ¢ - Axis Small or Missing ................ 0.00001 Ang.

Tentative Bond Valency for zr ~ (IV) ... 4.33 Note

Number of Least-Squares Restraints ............. 8 Note

The Ca-f= 0.341 Deviates from the [T-value  0.364 Check
The O-f= 0.047 Deviates from the IT-value  0.049 Check
The P-f= 0.283 Deviates from the IT-value  0.296 Check
[PCAT982 ALERT I Q The Zr-f= -0.314 Deviates from the IT-value -0.186 Check

0 ALERT | evel A= Mostlikely a serious problem - resolve or explain

1 ALERT | evel B=A potentially serious problem, consider carefully

2 ALERT | evel C=Check. Ensure itis not caused by an omission or oversight
10 ALERT | evel G= General information/check it is not something unexpected

4 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
4 ALERT type 2 Indicator that the structure model may be wrong or deficient
1 ALERT type 3 Indicator that the structure quality may be low

2 ALERT type 4 Improvement, methodology, query or suggestion

2 ALERT type 5 Informative message, check



http://journals.iucr.org/services/cif/checking/PLAT111.html
http://journals.iucr.org/services/cif/checking/PLAT163.html
http://journals.iucr.org/services/cif/checking/PLAT213.html
http://journals.iucr.org/services/cif/checking/PLAT004.html
http://journals.iucr.org/services/cif/checking/PLAT112.html
http://journals.iucr.org/services/cif/checking/PLAT113.html
http://journals.iucr.org/services/cif/checking/PLAT143.html
http://journals.iucr.org/services/cif/checking/PLAT794.html
http://journals.iucr.org/services/cif/checking/PLAT860.html
http://journals.iucr.org/services/cif/checking/PLAT982.html
http://journals.iucr.org/services/cif/checking/PLAT982.html
http://journals.iucr.org/services/cif/checking/PLAT982.html
http://journals.iucr.org/services/cif/checking/PLAT982.html

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure
refinements. However, the purpose of your study may justify the reported deviations and the more
serious of these should normally be commented upon in the discussion or experimental section of a
paper or in the "special_details" fields of the CIF. checkCIF was carefully designed to identify
outliers and unusual parameters, but every test has its limitations and alerts that are not important
in a particular case may appear. Conversely, the absence of alerts does not guarantee there are no
aspects of the results needing attention. It is up to the individual to critically assess their own
results and, if necessary, seek expert advice.

Publication of your CIF in [UCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journalé¢ta Crystallographica, Journal of Applied

Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit fxta
Crystallographica Section C or E, you should make sure that full publication checks are run on the
final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to thidotes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 20/08/2014; check.def file version of 18/08/2014


http://journals.iucr.org/services/cif/checking/checkform.html
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check CIF/PLATON report

You have not supplied any structure factors. As a result the full set of tests cannot be run.

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED

CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. | CIF dictionary [ Interpreting this feport
Datablock: |
Bond precision: P- 0O =0.0070 A Wavelength=1.54180
Cell: a=6.3125(2) b=6.7512(2) c=14.5537(4)
alpha=90 beta=90 gamma=90
Temperature: ?
Calculated Reported
Volume 620.23(3) 620.23(3)
Space group Pnma Pnma
Hall group -P 2ac 2n -P 2ac 2n
Moiety formula O8 P2 Zr, Ca 08 P2 Zr, Ca
Sum formula Ca 08 P2 zr Cal O8 P2 zr
Mr 321.24 321.24
Dx,g cm-3 3.440 3.440
Z 4 4
Mu (mm-1) 26.953 26.953
FO00 616.0 616.0
FO00’ 620.78
h,k,Imax 7,7,17 7,7,17
Nref 576 576
Tmin, Tmax
Tmin’

Correction method= Not given

Data completeness= 1.000 Theta(max)= 64.996
R(reflections)= wR2(reflections)=
S= Npar=

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-Ilevel.
Click on the hyperlinks for more details of the test.



http://www.iucr.org/iucr-top/cif/cif_core/definitions/index.html
http://journals.iucr.org/services/cif/checking/checkcifreport.html

“ Alert level G

PLAT004 ALERT 5 { Polymeric Structure Found with Dimension ....... 3 Info
PLAT/794 ALERT 5 ({ Tentative Bond Valency for Zr  (IV) ..... 4.22 Note
PLAT860 ALERT 3 {d Number of Least-Squares Restraints ............. 6 Note

The Ca-f= 0.341 Deviates from the IT-value  0.364 Check
The O-f= 0.047 Deviates from the IT-value  0.049 Check
The P-f= 0.283 Deviates from the IT-value  0.296 Check
[PLAT982 ALERT 1 @ The Zr-f= -0.314 Deviates from the IT-value -0.186 Check

ALERT | evel A= Most likely a serious problem - resolve or explain

ALERT | evel B = A potentially serious problem, consider carefully

ALERT | evel C=Check. Ensure itis not caused by an omission or oversight
ALERT | evel G= General information/check it is not something unexpected

~NO oo

4 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
0 ALERT type 2 Indicator that the structure model may be wrong or deficient
1 ALERT type 3 Indicator that the structure quality may be low

0 ALERT type 4 Improvement, methodology, query or suggestion

2 ALERT type 5 Informative message, check

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure
refinements. However, the purpose of your study may justify the reported deviations and the more
serious of these should normally be commented upon in the discussion or experimental section of a
paper or in the "special_details" fields of the CIF. checkCIF was carefully designed to identify
outliers and unusual parameters, but every test has its limitations and alerts that are not important
in a particular case may appear. Conversely, the absence of alerts does not guarantee there are no
aspects of the results needing attention. It is up to the individual to critically assess their own
results and, if necessary, seek expert advice.

Publication of your CIF in [UCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journalé¢ta Crystallographica, Journal of Applied

Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit fxta
Crystallographica Section C or E, you should make sure that full publication checks are run on the
final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to thidotes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 20/08/2014; check.def file version of 18/08/2014


http://journals.iucr.org/services/cif/checking/PLAT004.html
http://journals.iucr.org/services/cif/checking/PLAT794.html
http://journals.iucr.org/services/cif/checking/PLAT860.html
http://journals.iucr.org/services/cif/checking/PLAT982.html
http://journals.iucr.org/services/cif/checking/PLAT982.html
http://journals.iucr.org/services/cif/checking/PLAT982.html
http://journals.iucr.org/services/cif/checking/PLAT982.html
http://journals.iucr.org/services/cif/checking/checkform.html
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The following list summarizes all the diffraction peaks of CazZr(PO,), up to 80 °, measured by Fullprof
assuming Fukuda’s P2,2,2, space group. Maximum intensity is 26204 counts (002). Reflections in red,
all below detection threshold, account for Okl/, k+/I=2n+1 or hOl, h=2n+1 extinctions. Strongly
overlapped peaks, yellow highlighted, should not be taken into account.

h k I Mult Freal Fimag 2T Intensity Code
0 2 0 2 0.0000 0.0000 12.2092 0.0000 0
0 1 1 4 0.0000 0.0000 14.5146 2997.7495 0
1 1 0 4 0.0000 0.0000 15.4620 1794.1384 0
0 2 1 4 0.0000 0.0000 17.9882 0.0000 0
1 2 0 4 0.0000 0.0000 18.7653 5256.6631 0
1 0 1 4 0.0000 0.0000 19.4039 0.0771 0
1 1 1 8 0.0000 0.0000 20.3566 7532.6211 0
0 3 1 4 0.0000 0.0000 22.6540 3273.5964 0
1 2 1 8 0.0000 0.0000 22.9886 33.3553 0
1 3 0 4 0.0000 0.0000 23.2818 665.7825 0
0 4 0 2 0.0000 0.0000 24.5598 241343359 O
0 0 2 2 0.0000 0.0000 26.4976 26204.9336 O
1 3 1 8 0.0000 0.0000 26.8350 0.9629 0
0 1 2 4 0.0000 0.0000 27.2148 31.4433 0
0 4 1 4 0.0000 0.0000 27.9611 0.5058 0
1 4 0 4 0.0000 0.0000 28.4792 1015.1817 0
2 0 0 2 0.0000 0.0000 28.6161 0.3218 0
0 2 2 4 0.0000 0.0000 29.2689 693.7385 0
2 1 0 4 0.0000 0.0000 29.2854 1676.3821 0
1 0 2 4 0.0000 0.0000 30.1840 0.0000 0
1 1 2 8 0.0000 0.0000 30.8223 1527.0349 0
2 2 0 4 0.0000 0.0000 31.2148 112.6263 0

1 4 1 8 0.0000 0.0000 31.4903 140.5853 0
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56.6828

82.4974

37.3449

61.5790

1.3276

87.8422

16.0640

1467.9346

16.3894

2072.3459

818.1835

1383.9629

386.5337

1152.9529

2949.6833

463.6395

1270.4956

0.0563

4191.3540

1801.9020
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7.5141

2.8176
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657.1586

339.9083
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62.4506

62.5804

62.6902

62.7638

62.8684

63.1276

63.3789

63.9950

64.0281

64.0293

64.0913

64.2121

64.2433

64.2630

65.0500

65.1072

65.1759

65.3830

65.7378

65.9026

65.9263

65.9980

66.0211

66.0245

66.1707

66.3120

498.6354

22.3768

853.1497

121.0082

199.6674

68.6504

199.2425

0.0000

63.7381

66.8532

53.3899

26.7765

44.4616

189.9777

325.2186

276.8649

57.4412

39.5526

467.1862

63.7310

284.3600

366.6651

415.4911

732.0118

581.8456

304.7988

60.9734



10

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

66.3786

66.5261

66.7552

66.8230

67.4352

67.8056

67.8984

68.2092

68.2825

68.4577

68.6280

68.6988

69.1786

69.6692

69.7748

69.8933

69.9377

70.2571

70.3052

70.7614

71.2864

71.5609

71.5864

71.6520

71.7649

71.7961

72.0714

1677.4912

897.4345

27.3313

73.7172

39.1420

54.7734

33.7244

128.9127

474.0534

63.3874

1628.9163

213.5349

1449.4451

80.0715

570.3260

203.7105

156.1405

107.3998

2200.3604

11.0434

7.5031

60.2032

63.8000

0.0016

5.2505

51.9457

0.0003



11

10

11

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

72.1057

72.2039

72.2436

72.3777

72.5835

72.6045

72.9884

73.1241

73.1693

73.3732

73.4251

73.4268

73.5994

73.6461

73.7634

74.0325

74.0358

74.2046

74.3725

74.5056

74.6340

74.8097

74.9889

75.0353

75.2799

75.2809

75.3459

173.8652

0.0000

0.0000

0.0000

281.5065

0.0015

0.0000

0.0000

0.0000

0.0000

212.2202

169.8904

37.1505

325.2185

1026.1586

351.4339

617.0917

116.0688

875.0704

469.5375

528.3604

0.0000

24.4383

84.9668

82.8550

150.2051

0.5766



10

11

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

75.3793

76.0613

76.4483

76.6501

77.0473

77.1473

77.2144

77.4129

77.5464

77.6139

77.6470

77.7761

77.8332

77.8606

77.9912

78.0328

78.1918

78.3002

78.3406

78.5399

78.5686

78.8339

79.1830

79.1997

79.2950

79.3003

79.3642

0.0020

161.4098

930.6663

243.6470

888.1843

99.7833

1014.6197

635.8745

585.2836

77.4292

24.0890

139.5154

25.3627

13.4447

78.7823

336.6565

76.2758

0.5663

0.0471

0.0001

0.0208

26.1129

380.6018

377.9432

78.8172

70.4852

54.1716



ACCEPTED MANUSCRIPT

2 9 3 8 0.0000 0.0000 79.4276 128.1648 0
2 7 4 8 0.0000 0.0000 79.5959 281.9768 0

1 11 2 8 0.0000 0.0000 79.6174 330.2433 0



