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Synthesis and Structure of Cu, ;;Fe;(PO,); and Cu,Mg;{PO,);: New
Mixed Valence Compounds of the Alluaudite Structure Type.
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The first example of a phase in the copper—iron—phosphorus—oxygen quaternary system (Cu',Cull), 5
(Fe', Fe"™),(PQ,);, has been prepared by a high temperature synthesis technique. The crystal structure
was determined from single-crystal data and shown to be of the alluaudite type, but with differences
tn copper coordination and occupancy compared to the alkali and alkaline earth metat analogues. It
crystallizes in the monoclinic space group C2/c with lattice constants a = 11.894(4) A, b = 12.629(4)
A, c = 6.440(1) A, B = 115.24(2)°, Z = 4. The structure contains chains of edge sharing FeQ, octahedra
linked together via the common corners of PO, tetrahedra, yielding two distinct one-dimensional
channels for copper ion occupation. The compound exhibits both copper and iton mixed valency.
The capper—-magnesium phosphate analogue Cu'Cu''Mg,(PO,); has been prepared and is shown to be
of the same structure type, a = 11.85(2} A, b = 12.55(2) A, ¢ = 6.38(1) A, 8 = 115.9(2)°. Magnetic
susceptibility measurements confirm the presence of one Cu?* (¢°) jon per unit formula with pgq =

1.78 B (50 K).  © 1993 Academic Press, Inc.

Introduction

This work is part of a continued program
of exploring copper ion conductivity in solid
phosphates such as CuZr,P,0,, (1), the cop-
per analogue to the silicate free Nasicon
compound (2). The fact that the sodium-
iron and silver-iron analogues +y-Na;
Fe,P,0,, and B-Ag;Fe,P,0;, were reported
in the literature and shown to exhibit a very
highNa* and Ag* ionicconductivity (= 102
O~ 'cm ! at 600 K) (3-6), led us to explore
the copper-iron-phosphorus—oxygen qua-
ternary system. Prior to this work, no
phases in this system were reported in the
literature. The only three naturally oc-
curring copper—iron phosphate minerals are
hentschelite CuFe,(PO,),(OH), (7), chalco-
siderite Cu"Fel!(PO,),(OH), - 4H,0 (8), (9)
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(which is the iron-rich end member of the
isomorphous series turquoise—chalcoside-
rite Cu{Al,Fe), (PO, (OH), - 4H,0), and
the recently discovered mineral phos-
phofibrite KCu''Fel'(PO,),,(OH),, - 12H,0
(10), all of which contain hydroxide groups.

During an attempt to prepare the compo-
sition *‘Cu,Fe,P;0,,,” the first example of
a copper—iron phosphate, namely the com-
pound Cu, ,sFe,(PO,), was obtained as sin-
gle crystals among the multiphase product
material. The copper—magnesium phos-
phate analogue Cu,Mg,(PO,); was also syn-
thesized and its magnetic and structural
properties discussed.

Experimental

Synthesis

An attempt was made to prepare the com-
position *‘Cu,Fe,P;0,,"”" in a similar way to
that for CuZr,P,0,, as described by one of
us in a recent paper (). Starting materials
included copper(Ioxide (99.5%) and iron
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(IMoxide (99.999%) supplied by Johnson
Matthey GmbH, and ammonium dihydro-
genphosphate (99.999%) supplied by Ald-
rich-Chemie GmbH & Co.KG. Appropriate
amounts of Cu,0, Fe,0,;, and NH;H,PO,
were weighed, then intimately ground to a
fine powder with a planetary micromill
(Fritsch Pulverisette} using a zirconium ox-
ide bowl and balls for 1 hr. The calcined
material was placed in an alumina boat and
sintered under a flowing argon atmosphere
(99.999% Ar, the balance being mainly oxy-
gen) at a temperature of 1223 K for 10 hr
before being slowly cooled to room temper-
ature, It was clearly evident that the mixture
had melted under these conditions since a
severe wetting of the alumina boat had re-
sulted in part of the material flowing out of
the boat. The product was visibly inhomoge-
neous, with needle shaped silver-grey crys-
tals several millimeters in length embedded
in a darker colored matrix. Single crystals
were selected for structural analysis, and
shown below to be of the composition
Cuy 35Fes(PO)s.
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In order to prepare copper rich single
phase material, a copper boat was chosen
for the sintering process. This enabled the
copper—iron phosphate to be prepared with
a copper activity of unity. Appropriate
amounts of Cu,0, Fe,04, and NH,H,PO, in
the molar ratio 0.675:1.5: 3 were heated in
a flowing argon atmosphere to 1253 K and
held at this temperature for 10 hr before
cooling to ambient temperature. Both heat-
ing and cooling rates were 0.05 K sec™!.
The reaction mixture had evidently melted,
and the product was comprised of a single
phase material with two crystal habits: one
being silver-gray needle shaped crystals
with traces of exsolved elemental copper,
and the other being darker grey plate shaped
crystals devoid of exsolved copper. The oc-
currence of exsolved elemental copper in
the product indicates that a greater amount
of copper is contained within the material
at higher temperature in accordance with
the entropic influence., Unfortunately, the
product was of an insufficient crystallinity
to afford single crystal structural determina-

TABLE 1 r
OBSERVED AND CALCULATED d YALUES, INTENSITIES, AND INDEXES

Powder Powder

Single crystal sample sample
Cu, ysFex(PO,) Cu 35, Fey(POy); Cu;Mgy(PO,);
h K { d:al'IA Iy dt:\bsx”A iohs dubs"'j\ iubs
0 2 0 6.314 18 6.305 23 0
1 1 1 4.153 14 4.143 24 4.072 18
3 1 ! 0 3.450 23 3.458 44 - 3.423 16
1 1 -2 3.078 93 3.075 53 3.090 63
2 2 -2 2.850 10 2.859 20 0
2 4 0 2.723 100 2.728 100 2.707 100
4 0 0 2.689 9 2.693 84 2.664 26
3 3 -2 2.422 11 0 2.406 13
5 1 0 To2.121 10 2.126 27 0
3 1 -3 2.100 18 2.090 69 2.086 44
3 5 -2 1.922 12 1.924 20 1.911 16
L2 0 —4 1.587 17 0 1.568 9
6 4 0 1.55% 13 0 1.547 17

Note: Wavelength = 1.54056 A; diffraction geometry, Guinier camera; intereticular distances are

shown for I, = 10; Lattice constants for Cu,Mgy (PO, @ = 11.85(2) A, b = 12.55(2) A c = 6.38(D)

A, B = 115920 .
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tion. None the less, the powder pattern ob-
tained on a Philips PW1710 diffractometer
agrees with the peaks calculated from the
single crystal data for Cu, ,sFe;(PO4); (see
Table I).

The copper—magnesium phosphate ana-
logue Cu,Mg,(PO,); was prepared here for
the first time. Since Mg?* is a diamagnetic
ton with a fixed valency, this provides an
ideal opportunity to investigate the mag-
netic properties of the copper ions in this
compound. Cu,Mg,(PO,}; was prepared in
a copper boat under similar conditions to
that for the copper—iron phosphate, using
magnesium oxide (99.999%) and copper(Il)
oxide (99.99 +) supplied by Aldrich-Chemie
GmbH & Co. KG. in the molar ratio 3: 2.
The calcined powder was heated in flowing
argon atmosphere to 1253 K and held at this
temperature for just 1 hr before cooling to
ambient temperature. The reaction mixture
had evidently melted and the surface of the
copper boat in contact with this melt had
been etched. The product comprised essen-
tially of dark-blue crystalline material with
a slight ruby-red surface discoloration. This

dark:blue..material..was - of -an-insufficient* ..-

crystallinity to afford single crystal struc-
tural analysis. Nevertheless, powder X-ray
diffractometry showed that all the major
crystallographic peaks corresponded to the
atluaudite structure (see Table I). The trace
amounts of surface discoloration of the
product material was identified by powder
XRD as Cu,0. Chemical analysis of the bulk
product material gave a copper : magnesium
atomic ratio of 1.0 Cu to 0.9 Mg. This is
interpreted here as corresponding to a mix-
ture of Cu,Mg,(PO,); and Cu,C. This com-
position would tally at high temperatures
(>1078 K) and low oxygen partial pressures
(=1 Pa) with a mixture of Mg, (PO,), plus
the copper-rich melt xCu,0 - CuPO, as re-
ported in reference (I/). Evidence for the
production of the stoichiometric compound
Cu;Mg;(PO,); as opposed to a material with
an enriched copper solubility is presented
by structural arguments together with the
magnetic data given below,

Single Crystal X-Ray
Structure Determination

A silver-grey crystal with average dimen-
sions 0.15 x 0.2 x 0.2 mm was chosen for
the single crystal structure study. Intensity
data was collected on a Siemens R3m/V dif-
fractometer. Detailed crystallographic pa-
rameters are tabulated in Table II,

The crystal was shown to belong to the
monoclinic system, space group €C2/c. The
positions of Fe and P were found by direct
methods, while the positions of Cu and O
were found from calculated difference Fou-

TABLE i

CRYSTALLOGRAPHIC PARAMETERS FOR
Cuy 3sFe POy,

Formula mass 536.59
{amu)
Space group C2lc
a(A) 11.894(4)
b (A) 12.629(4)
e (A) 6.440(1)
8 (degrees) 115.24(2)°
v (A} 875.1(5)
z . 4
Temperature Room temperature

pcale. (g em™)
Radiatjon (graphite
monochromated)
Crystal size (mm)
Linear abs. coeff,

4.07 .
MoK, (x = 0.711 A)

0.15 x 0.2 x 0.2
827

em™h, u
Scan type Wyckoff scan, scan-
range 1°
Scan speed min. = L5,
(degrees/min) max. = 19.3
No. standard 3
reflections
Background to 0.5
peak ratio
28 (max) 55°
Data collected +h k|
No. of unique data 1099
(F3=>0
No. of unique data 935
with F§ >
3o (Fj)
Foy 529,92
R/Ry, (on F for 0.0251/0.0245
F} > 3s (F)
No. of variables 107
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TABLE IiI

PosiTioNAL PARAMETERS AND SITE OccUPaTION FacTors (SOF) FOR

Cll]__}jFE}(PO.;)J

Atom x ¥ z SOF

8f Fe(1) 0.71650(4) 0.15498(4) 0.12564(8) 1

4e Fe(2) 0 0.76164(6) 0.25 1

4e P(1) 0 0.7936(1) 0.75 1

Bf P(2) 0.23648(8) 0.38823(1) 0.1287%(1) 1

8f O(1) 0.6659(2) 0.8343(2) 0.8924(4) 1

8f O(2) 0.220%(2) 0.3200(2) 0.3116(4) 1

8f O(3) 0.6000(2) 0.3720(2) 0.7495(5) 1

8f O(4) 0.3757(2) 0.6040(2) 0.6863(4) 1

8f O(5) 0.1805(3) 0.5017(2) 0.6202(4) 1

Bf O(6) 0.9570(2) 0.2751(2) 1.0343(4) 1

4e Cu(l) 0 0.99842(9) 075 0.532(4)
bCu2y 0 0.5 0 0.584(4)
8f Cu(3) 0.5274(4) 0.4983(3) 0.4687(7) 0.117(2}

TABLE 1V

ANISOTROPIC THERMAL PARAMETERS FOR Cuj ,Fe; (PO,

Atom

un

U222

033 023

ul13

U12

Fe(1)
Fe(2)
P(1)
P(2)
o)
0(2)
0(3)
o
o)
0(6)

Cu(l) 0.0089(6) 0.0075(6}
Cu(2) 0.0102(6) 0.0188(7)

0.0059(3) 0.0122(3)
0.0114(4) 0.0188(4)

0.0079(5) 0.0111(6)

0.0096(4) 0.0110(4)

0.091(1)
0.012(1)
0.012(1)
0.013(1)
0.020(1)
0.009(1)

0.011¢1)
0.024(1)
0.012(1)
0.012(1)
0.014(1)
0.015(1)

Cu(3) 0.029(3) 0.011(2)

0.0i8(3) 0.0009(2) 0.0057(2)
0.0078(3}
0.0030(4)
0.0086(4) -0.0002(3) 0.0044(3)
0.010(1) -0.0007(%) 0.0064(9)
0.011(1) 0.0063(9) 0.0051(%)
0.005(1)
0.026(1y -0.001(1) 0.005(1)
0.019(1) 0.0055(%) 0.006(1)
0.008(1) 0.0005(9y 0.0023(9)
0.0104(5)
0.0356(8) -0.0058(5) 0.0079(5)

0.01434) 0
0.0092(5) 0

0.024(1)  0.003(1)

0.0392(8) 0

0.012(2)  0.001(1)

0.0011(2)
0

o
0.0002(3)
-0.0002(%)
0.001(1)
0.001(1)
0.0009(%)
-0.004(1)
-0.000%(9)
0
-0.0004(4)

-0.0001(16) -0.0005(18)

Note. The anisotropic thermal parameters are given in Al U} are defined
for — 27! [H2a* - U} + ...

+ 2hka*b* - Ul
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rier synthesis. The structure was refined by
full-matrix least-squares methods. The posi-
tional parameters are shown in Table III,
the temperature factors are shown in Table
IV, and selected bond distances and angles
are listed in Table V. Further structure fac-
tor tables, all nonessential bond distances
and angles, and other supporting structural
detail have been deposited (12).

Magnetic Measurements

Magnetic  susceptibility measurements
were obtained using a MPMS (Quantum De-

TABLE V—Continued
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P{1)O4 Tetrahedra

TABLE ¥
IMPORTANT BOND DISTANCES (A) AND ANGLES

(DEGREES) FOR Cu, 3sFey(PO,);

Fe(1)0g Octahedra
Fe-0(3) 2.022(3)
Fe-0(5) 2.023(3)
Fe-0(1) 2.054(3)
Fe-0(2) 2.070(3)
Fe-0(6) 2.082(%)
Fe-0(2) 2.193(3)
0(3)-Fe-0(5) 9111
0O(3)-Fe-0O(1) 109.7¢1)
0(3)-Fe-0(2) 86.4(1)
0(3)-Fe-0(6) 62.8(1)
0(3)-Fe-0(2) 81.9(1)
0O(5)-Fe-0(1) 86.5(1)
0O(5)-Fe-0(2) 103.1(1)
0(5)-Fe-0(6) 104.2(1)
0O(5)-Fe-O(2) 170.57(9)
0O(1)-Fe-0(2) 161.2(1)
O(1)-Fe-0(6) 78.4(1)
O(1)-Fe-O(2) 89.2(1)
0O(2)-Fe-O(6) 83.5(1)
0(2)-Fe-0(2) 33.4(1)
0(6)-Fe-0(2) BL.1(1)
Fe(2)Og Octahedra

Fe-O{6) 2.155(3) (2x)
Fe-0(1) 217403y (2x)
Fe-O(4) 2.177(3) (2x)
0(6)-Fe-0(6) 155.0(1)
{6)-Fe-O(1) 91.6(1) (2x)
0(6)-Fe-0(1) 74.3(1) (2x)

0(6)-Fe-0(4)
0(6)-Fe-0(4)
O(1)-Fe-O(1)
O(1)-Fe-O(4)
O(1)-Fe-O(4)
0(4)-Fe-0(4)

86.3(1) (2x)
113.6(1) (25
111.8(1)
16101(9) (2x)
85.8(1) (2x)
77.8(1)

P-O(6) 1.529(3) (2x)
P-O(3) 1.556(3) (2x)
Q(6)-P-O(6) 110.7(2)
O(6)-P-0(3) 113.6(1)
Q(6)-P-O(3) 108.9(2) (2x)
O(6)-P-0(3) 113.7(1)
0(3)-P-0(3) 100.9(2)
P(2)O4 Tetrahedra
P-O(5) 1.533(3)
P-O(2) 1.534(3)
P-O(1) 1.546(3)
P-O(4) 1.549(3)
O(5)-P-0(2) 110.0(2)
O(5)-P-0(1) 108.2(1)
0O(5)-P-0(4) 111.3(2}
O(2)-P-0(1) 108.4(2)
O(2)-P-0(4) 108.8(2)
0O(1)-P-0(4) 110.0(2)

Cu(1)04, Cu(2)02, Cu(3)O6 Polyhedra

Cu(1)-0(4) 1911(3) (2x)
Cu(1)-0(3) 1.996(3) (2x)
Cu(2)-0(5) 1.963(3) (2x)
0(5)-Cu(2)-0(5) 180.000(7)
0(6)-Cu(2)-0(6) 180.000(1)
Cu(3)-0(4) 2.250(6)
Cu(3}-0(3) 2.272(5)
Cu(3)-0(3) 2.282(5)
Cu(3)-O(4) 2.341(5)
Cu(3)-0(4) 2.418(5)
Cu(3)-0(3) 2.555(6)

sign Magnetometer) operating at a constant
applied magnetic field of 0.3 T in the temper-
ature range 5 to 300 K.

Description of the Structure
and Discussion

The crystal structure of Cu,,sFe,(POy);
ideally ¢an be built up by a close packing
of IFe0,,0,] chains counsisting of edge
sharing FeQg4 octahedra and running along
the [101] direction (see Figs. 1 and 2). The



306

c

WARNER, MILIUS, AND MAIER

F1G. 1. Projection of the structure of Cu, ;sFe(PO,), along the c-axis. The Cu(l) positions in channel
I are shaded dark to distinguish them from the lighter shaded Cu(3) positions in this channel. The

unit-cell is shown in contour.

octahedra chains are linked together via the
common corners of phosphate tetrahedra.
One tetrahedron always connects three
chains and thus two of its oxygens belong
to the same chain. In this way the three-
dimensional iron phosphate substructure is
constructed leading to two different kinds of
channels running along the c-axis (channel I
in (40 z), chanpel IT in (0 0 z)) which contain
the copper ions. All copper sites are only
partially occupied.

In channel I the linearly two fold coordi-
nated Cu{2) atoms (d(Cu—-0) = 1.963(3) A
(2x), <0O-Cu-0O = 180°) are placed (site
occupation factor S.0.F. = 0.584(4)). The

distance between two copper sites along the
¢ axis is 3¢ (3.220(1) A). According to their
coordination environment these copper ions
are assumed to be Cu!™ (i3).

The channel of type II contains the ions
Cu(l) and Cu(3). Cu(1) (S.0.F. = 0.532(4))
is located in a rectangular, slightly tetrahe-
drally distorted environment of four oxy-
gens (d(Cu(l)-0) ranges from 1.911(3) A
(2x) to 1.996(3) A (2x)). The four oxygen
atoms are part of the coordination sphere
of the Cu(3) atoms: Cu(3) (S.0.F. =
0.117(2)) is coordinated by 4 oxygens at a
shorter (2.250(6) A to 2.341(5) A) and 2 oxy-
gens at a longer distance (2.418(5) A and
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[101]

FiG. 2. Projection of the structure showing the }[FeQ,,0,] chains along [101}.

2.555(6) A) forming a distorted trigonal
prism. Along this channel these prisms
share common rectangular faces, one face
in every second prism being centered by
Cu(l). The sequence of Cu(l}) sites are inter-
rupted by Cu(3) split positions leading to
the period: Cu(1) (Cu(3), Cu(3)). Due to the
close proximity of these copper sites to-
gether with the under-occupation and ran-
dom distribution of both Cu(l) and Cu(3)
ions, these copper ions may be mobile in
this one-dimensional channel. Unfortu-
nately, due to the presence of exsolved ele-
mental copper in the product material, ionic
conductivity measurements have not been
possible.

The crystal structure of Cu,.;Fe{PO,);
corresponds to the alluaudite type, although
the atomic coordinates of all three copper
1ons are shown here (see Table 11I) to differ
from those for the alkali and alkaline earth

metal ions (X) in the classical alluaudite
structure X(2) X (1),M{1),M(2)(PO,)\, (I4),
(15).

A most interesting feature of Cu,
Fe.(PO,), is the probable occurrence of
mixed valency for both Cu and Fe. Taking
Cus 4Fe;,(PQ,),; as the unit formula, in view
of the total number of possible copper sites
available on spatial grounds within the unit
cell (i.e. 8), there exists the possibility of
a copper solid solution range between the
hypothetical end members FelY(PO,),,
Cu}"Fe[Y"(PO,),,, thus containing compo-
sitions with mixed Cu*/Cu’* and mixed
Fe?*/Fe** valencies, (the compound FePQ,
crystallizes in the berlinite structure (/6)).

It is apparent that only the composition
Cul'Fell(PO,),, relates to a fixed valency for
both copper and iron. All other composi-
tions within this range must exhibit mixed
valency on copper and/or iron sites. From
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ionic charge and site occtipation considera-
tions for the material prepared here (i.e.
Cu, Fe ,(PO,),,} the iron must be of mixed
valence, while the only possibility to have
a fixed copper valence is in the following
two compositions: Cul Fell ;FelY(PO,),
and Cuf ,Fef,Feg{(PO,);.

For structural reasons concerning chan-
nel site occupation as described above to-
gether with internal redox stability regard-
ing the coexistence of Cu(l) and Fe(lll),
mixed valency on the copper sites is highly
probable. This is supported by the descrip-
tion of the copper-magnesium phosphate
compound below. The occurrence of mixed
valency for both iron and copper makes the
experimental observation of a significant
copper incorporation into the structure at
high temperature more understandable.

A closer look at the Fe—O distances of
the two crystallographically different Fe
ions confirms the existence of two iron va-
lence states (d(Fe(1)-0) = 2.074 A,
d(Fe(2)-0) = 2.169 A, <O-Fe(1)-O 81.9°
to 109.7°, and <O-Fe(2)~0 74.3° to 113.6°),
Classifying the Fe(l) in the 8f site exclu-
sively as Fe’" and the Fe(2) in the 4e site

1000 T T
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exclusively as Fe?*, the 5.4 Cu ions would
require a total of 4 charge units, again lead-
ing to a highly unlikely valence state <1 for
Cu. For the above reasons it is not possible
to fix certain crystallographic Fe sites to
either valence state. Furthermore, com-
pared to the sum of Pauling radii of Fe’+
and O~ (2.05 A), the elongated average
Fe(1)-0 distance hints at the existence of
mixed valence states at this Fe position. Be-
cause the copper ions in channel 11 also can-
not clearly be fixed to a certain valence state
from purely structural considerations, an
absolute conclusion about the charge distri-
bution on Cu and Fe ions in Cu ;sFe,(PO,);
cannot be drawn.

Concerning the copper-magnesium phos-
phate compound Cu,Mg,(PQ,);, the inverse
magnetic susceptibility as a function of tem-
perature is shown in Fig. 3. Above approxi-
mately 50 K the Curie—Weiss law is obeyed
(@ = —49.35 K, C = 0.3968 emu K mol~})
which indicates that Cu,Mg,(PO,); is para-
magnetic with an effective magnetic mo-
ment g = 1.78 pg. This is very close to
the value 1.73 wy for idealized free spin
s = 1, indicating that the compound con-

800 r
600 ’»

400 L o’

¥ -}/ mol erru -1

200 r

1 ! |

D 1 1
o 50 100

150 200 250 300

Temperature / K

FiG. 3. Reciprocal magnetic susceptibility as a function of temperature for Cu,Mg;(PO.); in an

applied field of 0.3 T.
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tains one Cu’* per unit formula, hence Cu!
Culf Mg,(PO,);. If analogy is made with the
copper—iron phosphate compound where
channel I is assumed to be occupied solely
by Cu* ions, then this result suggests that
at least one of the copper sites in channel
1 (i.e. Cu(l) or Cu(3)) of the alluaudite
structure must contain a Cu?* ion. Below
approximately 50 K magnetic interaction re-
duces the effective magnetic moment to
Megr = 1.27 pg, indicating that at low temper-
atures =50% of the original moments are
lost,

Conclusions

Cu, 4sFey(PO,), and Cu,Mg,(POy,); have
been prepared and shown to be of the alluau-
dite structure type. The copper ions were
shown to occupy different coordination
sites compared to the alkali and alkaline
carth metal ions in the classical alluaudite
structure. The occurrence of mixed valence
for both Cu and Fe, along with an extended
copper solubility in the first compound is
illustrated. A detailed analysis of the va-
lence states was not possible. In contrast
to this, X-ray diffractometry and magnetic
measurements for the magnesium com-
pound conclude an equimolar copper mixed
valency, hence Cu'Cu''Mg,(PO,),.

With regard to Cu, ;sFe,(PO,); it is tenta-
ttvely suggested thatin channel I, due to the
close proximity of the copper sites together
with the under-occupation and random dis-
tribution of both Cuf1) and Cu(3) ions, these
copper ions may be mobile in this one-
dimensional channel. In the iron compound
this is supported by the observation of ex-
solved elemental copper during cooling
from high temperatures, which indicates a
copper ion mobility coupled with an elec-
tronic conductivity. Electrical and conduc-
tivity studies are being performed.
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