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The system, Cd,.,Ca,P;0;, 0 = x = 2, has been prepared in powder form at 1173 K and found to
exist in four domains, A, B, C, and D. The materials of these domains have been identified by powder
diffraction methods. A crystal of Cd, »:Cag 4,P,04(Cd;_,Ca POy, £ = 0.75) has been isolated in domain
B (0.4 = r = 1.00) which has not been previously identified and structurally determined by single
crystal X-ray diffraction. This phase crystallizes in the triclinic space group £1 bar with g = 15,477(5),
b = 7.222(2), ¢ = 6.667(2) z?\, a = 12293(2), 8 = 154.78(9), y = 60.68(2)°, and Z = 2. A final least
squares refinement yielded R = 5.4% for 1531 observed reflections. The solid state structure is of the
dichromate family, containing isolated and eclipsed P;0%" groups which form columns parallel to the
¢ anis of the trclinic cel. A Cd?* jon with sixfold coordination to oxygen [Cd-O av. 2,3%(3) A} and
a mixed Cd?*/Ca?* site [eightlold oxygen coordination, M-O, 2.54(4} A] are located belween these

columns. © 1993 Academic Press, Inc.

Introduction

Two types of structures are found for
solid state diphosphates. In A,P,0, where A
is a bivalent cation, the Lypes are thortveitite
and dichromate (/). The anionic groups,
P,04" arc in staggered conformation in
thortveilite structures and eclipsed in di-
chromates (/). Divalent alkaline diphos-
phates {A,P,0;) have received wide atten-
tion in the literature. Mg?*(2—), Ca?* (5,
6). Sr** (7-9) and Ba’* ({0) diphosphates
ar¢ known to exist in at least two phases
whose structures or isostructural relation-
ships have been established by single crystal
or powder X-ray diffraction. Structural in-
formation for divalent transition metals
have also been reported [Co* (J{), Cu®*
(12, 13), Ni** (14-16), Zn** (3, [7), Mn®~
(18), and Cd** (19, 20)). Pb,P,0; is also
known (2/).

Mixed metal diphosphates (AMP,0;, A
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is an alkaline earth cation, M is a transition
metal) are less well known, BaCoP,0,,
BaNiP,0,, and CaCoP,0; have been exam-
ined by single crystal X-ray analysis (22,
23). BaCoP,0; and BaNiP,0O; are isostruc-
tural and, along with CaCoP,0,, crystallize
tn a triclinic unit cell. SrMgP,0,, SrCuP,0,,
and CaCuP;0; (5, 24) have been identified
as isomorphous with «Ca,P,0, {(monoclinic,
space group P2,/n). The crystal chemistry
of the system, Cd,_,Ca,P,0,, 0 < x =< 2
(25) has been investigated and we have de-
termined the single crystal X-ray structure
of Cd, ,;Caq 75P,0; in order to better under-
stand the structural chemistry of this mixed
alkaline earth-transition metal diphosphate.

Experimental

Materials in powder form have been syn-
thesized according to the equation:
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STRUCTURE OF Cd, 5Cay 75P,0;

(1 — x/2)Cd,P,0; + (x/2)Ca,P,0; —
Cd,_,Ca,P,0,, 0=x=2

by grinding together a mixture of starting
materials (stoichiometric amounts) heating
the resulting mixture to 873 K, followed by
successive regrinding and heating to 1173
K over a period of 72 hr. Diphosphates,
Cd,P,0,, and Ca,P,0; have been obtained
by heating a mixture of the appropriate car-
bonate and (NH,),HPO, slowly to 1173 K
according to the equation:

2MCO, + 2(NH,),HPO, -
M,P,0; + 4NH,1 + 3H,01 + 2CO, 1,
M = Cd, Ca.

‘Single crystals of the solid solution
Cd,_,Ca,P,0, have been prepared by fusion
in the presence of excess P,O; [(moles
CdCuP,0;)/(moles P,0;) = 0.89]. A mixture
of materials was heated slowly to liquidity
at 1373 K. This product was then cooled
slowly (4 K hr™") to 1173 K and then at
a rate of 10 K hr-! to 473 K. Below this
temperature, the oven was turned off and
cooling aliowed to continue to room temper-
dture. ‘Expetimeéntal densities were ‘déter-
mined by pycnometry in diethylor-
thophthalate at ambient temperature.
Analysis of the X-ray powder patterns was
carried out using a CGR (Theta 60) diffrac-
tometer with monochromated CuKe, radia-
tion {1.5405 A). Spectra were calibrated by
the addition of Si or NaCl as an internal
standard.

A crystal of Cd, ,5Ca, 7,P,0; (dimensions
0.15 x 0.15 x 0.15 mm) was mounted on
a Syntex P3 automated diffractometer. Unit
cell dimensions (Table I) were determined
by least squares refinement of the best angu-
lar positions for fifteen independent reflec-
tions (20 > 15° during normal alignment
procedures. Data (1571 independent points
after removal of redundant data) were col-
lected at room temperature using a variable
scan rate, a #-20 scan mode and a scan
width of 1.2°. The intensities of three stan-
dard reflections were remeasured after ev-
ery 97 reflections. As the intensities of these
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TABLE 1
CrYSTAL DATA FOR Cd, 5Caq 15P,05

Formula Cd, 35Cag 15,04
M, 344.5

a 15.477(5) A
b 7.222(2)

¢ 6.667(2)

a 122.93(2)°

b 154.78(9)

g 60.68(2}

v 266.5(1) A
F(000) 322

pMoKe 63.35cm™!
AMoKo 0.71069 A
D 4292 pcm™?
Z 2

Space group P1 bar

Obs. refl. 1531

Octants meas. +h k, =l
RIR, 5.4/8.2%
G.O.F. 0.66

reflections showed less than 5% variation,
corrections for decomposition were deemed
unnecessary. Data were corrected for Lo-
rentz, polarization, and background effects.

"Obsérved reflections [1531 "points (7 >

3.00(I)] were used for solution and refine-
ment. Direct methods (26) permitted loca-
tion of the heavy atom positions. A cycle
of least-squares refinement followed by a
difference Fourier synthesis allowed loca-
tion of the P,O;* groups. Initially cadmium
and calcium atoms were each placed in gen-
eral and full occupancy positions, However,
the isotropic thermal parameter for calcium
was observed to be negative, leading to the
conclusion that this site was a mixed Ca/
Cd site. Refinement of partial occupancy
factors for this position led to 25% Cd/75%
Ca occupancy and a final stoichiometry of
Cd, 5;Cay 5sP,0;. An attempt to resclve the
disorder by refinement in the accentric cell
produced no resolution of the disorder. The
unit cell thus contains two full occupancy
cadmium positions, two 75% Ca/25% Cd
sites and two P,03~ groups. Final refine-
ment (27) of scale factor, positional and iso-
tropic thermal parameters was carried out
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TABLE II
DENSITY AS A FUNCTION OF x IN DoMaINS A, B anp D oF Cd,_,Ca,P,0,

Domain A Domain B Domain D
x 0.00 0.20 0.40 0.60 0.75 1.00 1.70 1.80 2.00
Pexp £ 0.05 g/iem’ 4.90 4.7 4,58 4.46 4.23 4.07 3.35 .39 3.12
Peatc &lcm® 4.97 4.72 4.54 4.42 4.29 4.06 3.40 3.31 3.13

to convergence in the centric cell. Final cy-
cles of feast squares refinement were com-
pleted with anisotropic thermal parameters.
[function minimized, 2(|F,| — |F,|)?] leading
to a final agreement factor. R = 5.4%.
[R = (C w|Fy| — |FJ/ w|Fg)) x 100]. Scat-
tering factors were taken from Cromer and
Mann (28). Anomalous dispersion correc-
tions were made for Cd and Ca (29). In the
final stages of refinement a weight of 1/
o(F)2 was used (R, = 8.2%).

Discussion

The powder X-ray diffraction analysis of
the Cd,_,Ca, P,0, solid solution, 0 = x =
2, shows the exisience of four domains de-
pending upon the value of x. Domain A,
(0.00 = x = 0.40) corresponds to a solid
solution isostructural with Cd,P,0, and do-
main D, (1.70 < x = 2.00) to a solid solution
of type B-Ca,P,0,. However, domain B,
(0.4 < x = 1.00), corresponds to a new and
previously unknown phase. Domain C
(1.00 = x = 1.70) consists of a mixture of
the phases of the nearest domains, B and
D. Table II shows that the variation of den-
sity (g cm~?) with x is linear in each of the
domains A, B and D.

Domain A (0.00 = x = 0.40, Isostructural
with CdszO‘,!)

Table III summarizes the cell dimensions
of the triclinic cell as a function of stoichi-
ometry within this domain. Cell dimensions
reported have been arrived at by least
squares refinement of the two theta posi-
tions observed in powder spectra. As Cd**

is replaced by increasing amounts of Ca®*
ton, the larger ionic radius of Ca®* is re-
flected in the increased cell volume.

Domain B{0.4 = x < 1.00)

A solid solution of a previously unknown
phase was obtained between x = 0.4 and
x = 1.0, The powder patterns of domains
A and B are very similar. It was not possible
to distinguish a mixed zone in the vicinity
of x = 0.4 from analysis of X-ray powder
diffraction spectra. The powder pattern of
the material within domain B showed only
a small variation in cell dimensions. The unit
cell dimensions determined during the single
crystal X-ray study of Cd, ;sCa, ;5P,0; per-
mitted indexing of the powder patterns of
this domain. A view of Cd, ;sCag1sP,05 is
shown in Fig. I, based on the positional
parameters of Table IV. Bond angles and
distances are listed in Table V.

P,04~ groups exist in groups of two, re-
lated by a center of inversion, which form
columns parallel to the ¢ axis of the cell.
The cations, Cd** and Ca’*, lie between

TABLE Il

Unit CELL DiMENsioNs oF Cd,_,Ca P,O;, WITHIN
DoMAIN A, 0.00 = x = (.40

x a b [ a B8 y v

000 650 6.78 6.63 958 97.7 650 267
0.10 6.61 677 663 953 974 650 266
0.20 6.64 673 664 9.1 971 656 269
0.40 668 672 668 941 972 650 270

Note. a, b, and ¢ (=001} in A; &, 8, and y (£0.1)
in degrees; and V(+2) in AL,
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Fic. 1. View of the unit cell of Cdl_25C30‘75P201.

these columns. Cadmium atoms in general
positions show six fold coordination; Cd-O
range 2.272-2.344 A (Cd-O average 2.30(3)
A). This is consistent with the observed av-
erages, 2.31(2) and 2.39(2) A for six coordi-
nate cadmium in Cd,P,0, (19) and Cd3rP,0,
(30), respectively. in the mixed cd: Ca site,
coordination is eightfold with average M-O
distance, 2.54(4) A. Eight coordinated cal-
cium atoms show average Ca—O distances
of 2.52(1) and 2.534 A in a- and 8-Ca,P,0;
(5, 6). However, eight coordinated cadmium
atoms have not been observed in mixed al-
kaline carth/transition metal phosphates.
In P,04" groups the average P-O distance
is 1.536(10) A with PO,y distances (av-
erage 1.513(14) A) shorter than P—Oyyying
bonds (average 1.606(18) A). P,O3 groups
show eclipsed conformation. The P-O-P
angle of 132.4(10)° is normal whereas, the

TABLE IV
POSITIONAL PARAMETERS FOR Cd, 3sCay 7sP20;

Atom  x(o{(x)) yo(y)) o@D Uy
Cd 0.1491(1} —0.2587(1) —1.5720( 2) &4(3)
Cal/Cd  0.3778(3) 0.3126(3) 0.303% 6)

P1 0.3521(2)  0.2304(3) —0.3266( 6) 14(6}
P2 0.1314(3) —0.1915(3) —1.0627( 6} 11(6}
01 0.4347(8)  0.3459(8)  0.0953(19) 3(2)
02 0.1908(8)  0.3604(%) —0.7039(20) 7(2)
03 0.5124(8)  0.1645(%) —0.1808(20) 8(2)
04 0.2421(7)  0.0163(8) —0.5982(1%) 5(2)
05 —0.0796(8) —0.1078(9) —1.5084(19) 4(2}
06 0.1333(7) —0.3655(8) —1.0002(18) 4(2)
o7 0.2560(8) —0.2428(8) —1.0141(18B) 6(2}

Uy = A ZZUatalan;.
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TABLE V
BoND ANGLES (°) AND DISTANCES (A) For
Cd, 15Caq sP07

Cd. . .07 2.275(14) CdiCa. . .01 2357017
Cd. . .06 2.305(14) Cd/Ca. . .03 2.480( 14}
Cd. . .02¢ 23275 Cd/Ca. . .01 2.406(5)
Cd. . Qi 2.302(6) Cd/Ca. . .07% 2.457(6)
Cd, . .02 2.344(7) Cd/Ca. . .06 2.543(14)
Cd. . .05% 2.272(5) Cd/Ca. . Q2 2.698(6)

Cd/Ca. . .O5" 2.342(8)

Cd/Ca. . .03 3.025(8)
P1-01 1.493(12) P2-04 1.625(6)
P1-02 1.533(8) P2-03 1.523(4)
P1-03 1.520(14) P2-06 1.505¢12)
P1-04 1.588(9) P2-07 1.502¢15)
O1-P1-02 114.5(5) P1-04-12 132.4(10)
0O1-P1-03 114.1(5) 04-P2-05 104.5(3)
01-P1-04 105.0(7) 04-P2-06 102.6(6)
02-P1-03  106.78) O4-p2-O07 106.3(5)
02-M-04  106.5(4) 05-P2-06 114.0(6)
03-P1-04  109.8(5) 05-P2-07 112.8(8)

06-P2-07 115.2(5)

Note.' =z y, 10+ % =1x —10+ ¥y —-10+ 55
= 10-1, -y -10-zi"=-x, -y, -30 -5~ =
X, ¥, 10+ ;% =10 -1, I.O—y,l‘sz;""l= 10 — x,
~y, —z;and " = x, 1.0+ ¥, 1.0 + z.

angles about the phosphorous atoms show
distortion from idealized tetrahedral geome-
try. [O-P(1)-O range 105.0-114.5° and
O-P(2) range 102.6-115.2°].

The phosphorous—oxygen bonds form
PO, tetrahedra which are comparable to
those observed in the diphosphates of cad-
mium and of calcium (5, 6, 19, 20). The ori-
entation of these tetrahedra in eclipsed con-
formation within P,0%" groups and the
organization of P,O3~ groups about a center
of symmetry (Fig. 2) with bridging oxygen
atoms directed towards each other, classi-
fies the structure of Cd, ,5Ca;+sP,0; as of
the dichromate type.

Domain D (1.70 = x = 2.00, Isostructural
with B'Cﬂleo'])

The powder spectrum of materials within
this dormain shows only a very small change
in the cell dimensions with a change in com-
position (x).

The system, Cd,_,Ca Py0,,0 = x = 2,
thus exists in four phases which are com-
posed of solid solutions based on Cd,P,0,
and B-Ca,P.0; as well as a previously un-
known phase typified by Cd, ,sCa, +sP,0;.
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Fig. 2. Orientation of P,0%~ about a center of inver-

sion in Cd,_ Ca,P,0;.
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