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Silver manganese(lt) phosphate bis(hydrogenphosphate),
AgMn;y(PO,XHPO,),, a synthetic unoxidized variant of the alluau-
dite group, has been prepared hydrothermally and its structure
has been determined from single-crystal diffraction data. It crys-
tallizes in space group C2/c of the moneclinic system with Z = 4
in a cell of dimensions a = 12.263(1), b = 12.446(1), ¢ = 6.64%(1)
A, and 8 = 114.708(8)°. The structure is similar to that of
NaMny(POYHPOy);, consisting of a complex network of edge-
sharing Mn(I)3; octahedral chains that are linked together by
both corner-sharing PO, teirahedra and O-H - - - O bonds, form-
ing tunnels along which Ag atoms reside. The principal difference
arises in the occurrence of two sites for the Ag atoms, each par-
tially occupied. The existence of a protonated series of alluaudites
is implicated, to be contrasted with the natural alluaudites which
are nonprotonated. A discussion on the differences between these
two scries is presented.  © 1995 Academie Press, Ine.

INTRODUCTIGN

The alluaudite structure type encompasses a large
group of transition-metal phosphate minerals. Through
many years of analysis on natural alluaudites, Moore (1,
2) established an admirable systematization of their crys-
tal chemistry. Writing in order of decreasing cation size,
he proposed the gencral formulation X(2) X{(1)M{1)M(2),
(PO,); (with Z = 4), the most common constituents being
X(2) = Na*, [0; X(1) = Na*, Ca?*; M(l) = Mn?*, Fe?*;
and M{2) = Fe!*, Fe?*, Mn?"*. Because the cations are
invariably disordered among the different possible sites
in natural alluaudites, there is an impetus to study syn-
thetic alluandites whose compositions represent end-
members of series, in order to attain a fuller understand-
ing of site preferences. Besides the original Buranga
alluaudite, roughly of the composition NaMnFexPQO,),
(1), the only other alluaudites that have been fully charac-
terized by single-crystal X ray diffraction are NaCdln;
(POy)y (3), NaFeyPQO4); (4), NaFey(PQ,); (5), and
Cuy 35Fe;3(POy); (6). Recently we demonstrated with the
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preparation of NaMn3(PO,)(HPQO,); (7), the first example
of an all-manganese form of alluaudite, that H* cations
may also be incorporated into the structure, and we also
pointed out that this was an example of a completely
unoxidized variant of alluaudite. We report here the
preparation and structure of the first silver substituted
analogue, AgMny(PO)HPO,);, and describe its relation-
ship to the other known alluaudites. This examination
prompted a reevaluation of the previously reported com-
pound NaFe;(PO,); (4), suggesting that it too is in fact a
protonated form of alluaudite. With these examples, we
begin to see the emergence of a protonated series of allu-
audites that is distinct from the nonprotonated series.

EXPERIMENTAL

Synthesis. Crystals of AgMn;(PO)(HPOy); were pre-
pared by the hydrothermal synthesis, under conditions
similar to those in the preparation of NaMn(PO,)(HPO,);
(7). A mixture of H;MnyOy - xH,0 (rancieite (8)) (410 mg,
[.0 mmol), H;PO4 (10 mmol, 1.0 M), AgNO, (679 mg,
4.0 mmol), and 1,4-diazabicyclo[2.2.2)-octane (DABCO)
(224 mg, 2.0 mmol} was placed in a Teflon vessel which
was filled 80% with water (final pH 1-2) and enclosed in a
stainless steel bomb., The mixture was heated at 180°C
under autogenous pressure for 1 week. The major prod-
uct of the reaction was AgMn;(PO)(HPO,),, which crys-
tallizes as thin colortess needles; these crystals were con-
firmed by microprobe analysis on a scanning electron
microscope to contain Ag, Mn, and P in an atomic ratio
of 1:3:3. The product is contaminated with excess ele-
mental silver, present as a fine gray powder, and
Mn,{HPO)«(POy4); (9), recognizable as thick bilocks
(< ~2%—not visible in the XRD diagram).

Attempts to prepare a Tl or K analogue were unsuc-
cessful, these reactions tending to yield Mns(HPQ,);
(PO,); - 4H,0 (10-12) instead. The inability to incorpo-
rate these cations into the alluaudite structure may imply
a limiting size that can be accommodated in the X(2)' site
(vide infra).
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Structure determination. lInitial photographic work
immediately revealed the similarity of AgMn;(PO,)
(HPQy); with NaMny(PO(HPQ,),. The cell parameters
were refined from powder diffraction data collected on an
INEL multidetector system (AM(CuKq;) = 1.54056 A: Si
standard). Table 1 lists observed and calculated inter-
planar distances, and the intensities calculated from the
crystal structure with the use of the program LAZY-
PULVERIX (13). Single-crystal intensity data were col-
lected at room temperature on a Siemens P4 diffractome-
ter under the conditions given in Table 2. Data reduction
and refinements were carried out with the use of pro-
grams in the SHELXTL PLUS package (14). The sys-
tematic absences (hkl, h -k =2n+ 1, R0l =2n + 1) are
consistent with the space groups C2/c and Ce, and the
space group C2/¢ was chosen based on analogy with
NaMny(PO.HPOQO,).. Conventional atomic scattering
factors and anomalous dispersion corrections were used.
An empirical absorption correction based on psi scans
was applied to the data (min/max trans. = 0.81/0.88).
Initially, the position of the Ag, Mn, P, and O atoms were
taken from the corresponding positions in NaMny
(POY(HPO.), (7). The structure was then refined by least-
squares methods. Inspection of the difference Fourier
map suggested that the Ag site must in fact be split into
two closely separated sites about 0.4 A apart. Based on a
model imposing no particular constraints on the occupan-
cies and thermal factors of two independent Ag sites, the
refinement converged to vield, for Ag(1} and Ag(2), occu-

TABLE 1
X Ray Powder Diffraction Data for AgMn;(PO)(HPQO,),

hk 1 d(A) dac(R) I, Rkl dp(A) dac(A) I,
110 8.305 8.301 10 15 1} 2,184 2.186 3
22 g 4,153 4,150 3 441 ’ 2.182 4
221 4.061 4,062 3 313 2.162 2.162 8
130 1.887 3,888 28 222 2.144 2.145 3
202 3.294 3.294 1M 060 2.075 2.074 3
11 E 3.174 3.173 8 335 0 2.068 2.068 3
131 3.073 3072 21 532 2.021 2.020 12
002 3.020 3.020 20 06 1 1.962 1.962 4
31 2 2.960 2.961 25 333 1.942 1.941 5
331 2.879 2.878 6 261 1.933 1.935 4
400 2.785 2.785 19 60 0 1.857 1.857 5
33 0} 2.767 2.767 46 2473 1.803 1.803 3
041 ' 2.766 1M 332 1.782 1.782 11
24 g 2,716 2.716 41 261 1.776 1.776 3
402 2.680 2.680 25 170 1.755 1.756 3
11 g 2.591 2.591 19 171 1.717 1.717 4
132 2.574 2.574 29 13 3 1.691 1.690 3
240 g 2.285 2,285 7 64 g 1.681 1.681 10
512 2.275 2.274 5 20 g} 1 641 1.641 1
I 32 2.233 2.232 3 46 g : 1.640 4
510 2.193 2.193 17 732 1.604 1.604 3

640 1.594 1.594 3
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TABLE 2
Crystal Data and Intensity Collection for AgMn;(PO)(HPO,),
Formula AgMny(POYHPO,),
Formula mass {amu) 559.61
Space group C2/c
a(A) 12.263C1)
b (A) 12.446(2)
¢ (A) 6.649(1)
B 114.708(8)
Vv (A%) 921.9(2)
4 4
p. (g cm™) 4,03
wMoKa) (cm™ 1) &7.0
Crystal dimensions Needle, 0.01 x 0.01 x
0.22 mm
Radiation MoKa, A = 0.7107 A
Scan mode w

Scan range (%) L0 + Ad ey, a3)

28 limits () 2.0-60.0

Data collected “I1=h=17,-1=k=
17, 9=I=8

Number of data collected 1668

Number of unique data 1307 (R = 0.021)
Number of unique data, with [ > 2 g{J} 548

Number of variables 42
R(Fy 0.042
RAF»® 0.0206
GOF 0.96

“R(F) = Z||F| ~ |FJVZ |F,.
b RAF) = [Z w(lFy — |FPUZ wFA% with w = LaXF).

pancigs of 52(4) and 46(4)%, respectively, and isotropic
thermal factors (L)) of 0.014(2) and 0.017(2) A2, respec-
tively. As the sum of the Ag occupancies is essentially
100%, in agreement with the expected formula AgMn,
(POL)(HPO,); and the microprobe analysis, and as there
is no reason to suspect nonstoichiometry, in subsequent
refinements the sum of Ag occupancies was fixed to be
exactly 100% and the thermal factors of Ag(1) and Ag(2)
were constrained to be identical. A refinement performed
in this manner converges to the same result as earlier,
offering no improvement in the residual (R = 0.042) com-
pared to that of the previous refinement (R = 0.041) but
with significantly smaller standard deviations for the oc-
cupancies and thermal factors. As was the case in Na-
Mny(POH(HPO,), (7), the existence of an O-H -+ O
bridge between O(2) and O(4) is suggested by their anom-
alously low bond valence sums (15, 16) of 1.50 and 1.31,
respectively, compared to the expected value of 2 (Table
3). The difference electron density map reveals some
poorly resolved subsidiary electron density between 0O(2)
and O(4), but the data were deemed inadequate to war-
rant treatment of an H atom in the refinement. The final
cycle of refinement on F on 548 reflections with { > 2a(1)
and 42 variables (including an extinction parameter), with
isotropic thermal parameters for all atoms, resulted in
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TABLE 3

Bond Valence Sums for Atoms in AgMn3;(PO)HPO,);
Atom v Atom Vv
Mn(l) 1.83 o) 1.82
Mun(2) 2.11 0(2) 1.50¢
P(1) 4.72 03) 1.91
P(2) 4.69 0i4) 1.31¢
Ag(l) 0.84 0(5) 1.93
Ag(2) 0.94 0(6) 1.93, 1.98%

7 Bonded to H atom (not located).
& With Ag(1) and Ag(2) environment, respectively.

residuals of R = 0.042 and R,, = 0.026. The final differ-
ence electron density map shows extrema of (Ap)nax =
1.2 and (Ap)min = —1.2 e~ A3, Final values of the posi-
tional and thermal parameters are given in Table 4. A list
of structure amplitudes is available as supplementary ma-
terial. Table 5 lists relevant interatomic distances and
angles in AgMny(POH(HPO,),.

Physical measurements. Infrared spectra were ob-
tained on a 208CX FTIR spectrometer with the use of
KBr pellets. Thermal measurements were made on a
Perkin—Elmer TGS-2 thermogravimetric analyzer.

RESULTS AND DISCUSSION

Before proceeding, it is useful to recall the general
crystal chemical formulation for the alluaudite structure.
type, X(2)X(1DM(1)M(2):(POy4);. Thus, although the for-
mula AgMn;(PO,)(HPO,), is brief and places emphasis on
the existence of (HPQO,)?~ groups, we will have recourse

TABLE 4
Positional and Isotropic Thermal Parameters for
AgMn;(PO,)(HPO,),
Wyckoff
Atom position x ¥ z U, (AN
Ag(l)y de ¢ 0.041(1) 0.75 0.0173(5)
Ag(2)y de 0 0.011{1) 0.75 0.0173(5}
Mn(1) de 0 0.2828(2) 0.25 0.0109(7)
Mn(2) 8f 0.2907(2y 0.6607(2)  0.3752(3)  0.0081(5)
P(1) 4e 0 0.6798(4) 0.25 (.008(1)
P(2) 8f 0.2179(3) 0.8875(3) 0.1123(5)  0.0064(7)
1) 8f 0.4642(6) 0.7492(5) 0.544(1) 0.006(2)
0o2) 8f 0.105%(6) 0.6058(6)  0.266(1) 0.010(2)
(3 8f 0.3459(6)  0.6717(6)  0.108(1) 0.003(1)
(81C)] 8f 0.1456(6)  0.4107(6)  0.344(1) 0.010(2)
0(5) 8f 0.2138(6)  0.8207(6)  0.300(1) 0.005(1)
O6) 8f 0.3429(6)  0.4965(6)  0.397(1) 0.010(1)
@ Uigp = ().

b Occ(Ag(1)) = 58(3)%; occ(Ag(2)) = 42(3)%.
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to writing it as explicitly as Ag*(H*);Mn?*(Mn?"),(POy);
to draw attention to the identity of the cations and their
oxidation states, as shown in Table 6.

Except for the placement of the X(2) cations, the struc-
ture of AgMna(PO)(HPOy), is similar to that of NaMn;
(POL(HPOQ,): (7), a protonated, unoxidized variant of al-
luaudite. While there are important differences between
these and the nonprotonated alluaudites, the covalent
framework (comprising MQg octahedra and PO, tetrahe-
dra) is essentially the same in both cases. A detailed de-
scription of this complex arrangement has been given
previously (1). Briefly, edge-sharing chains of M(1)O¢
and M(2)O¢ distorted octahedra running along the [101]
direction are linked by POy tetrahedra to form ‘‘pleated
sheets’ lying parallel to the (010) plane (these can be
seen edgewise in Fig. 1 aligned along y = *J), which in
turn are linked together by corner-sharing an oxygen
atom (0(6)) of a P(2)0O, tetrahedron in one sheet with a
M(2)O; octahedron of an adjacent sheet.

The salient feature of the structure that is important for
our discussion is the occurrence of tunnels that are out-
lined by the covalent framework and occupied by the
alkali or pseudo-alkali cations X(1) and X(2). Two types
of tunnels run through the structure, as indicated in Fig.
1: tunnel 1 along (4, 0, z) and (0, %, ), and tunnel 2 along
0, 0, ) and (%, 3, z). The location of the cation sites for
X(1) and X(2) differs, however, between different alluau-
dites, as shown in Table 6.

Figure 2 shows the arrangement of oxygen atoms
within tunnel 1. A cation situated at A(1) = %, 0, 0 resides
in the center of a roughly cubic environment (Fig. 2a), as
is the case for the Na atoms in NaMnFe,(POy); (1) and
NaCdIn(PQ,); (3), with Na—O distances ranging from 2.3
to 3.1 A. In the protonated alluaudites, the H* cations are
also located in this tunnel, in the form of hydrogen bonds
forming bridges across O(2) and O(4) (Fig. 2b}. The for-
mation of the O(2)-H-0(4) bridge brings about a signifi-
cant tightening of the cubic arrangement of oxygen at-
oms: Table 7 shows that the O(2)-0O(4) distance has
decreased from ~3.0 A in the nonprotonated forms to
~2.5 A in the protonated forms. Further evidence for
O-H bonds in AgMn;(PO,)(HPQ,), was found from the
infrared spectrum which clearly shows the presence of
broad O-H stretching and bending vibrations centered at
2200 and 1380 ¢cm~L.

Turning now to tunnel 2, we find that the same overall
environment of oxygen atoms leads to two potential
kinds of cation sites, as shown in Fig. 3: A(2) = 0,0, 0,
and A(2) = 0, &, § (where ¢ is a small positive number}.
A{(2) is a highly irregular rhombic site, while A(2)’ is an
off-centered square planar site. With two short A(2)-0(6)
distances (Table 7), A(2) must really be considered to be
linear, the next two short A(2)-0(1) distances being
much larger. Formerly it has always been assumed that it



Selected Interatomic Distances (A) and Angles (°) in AgMn;(PO,)}HPO,),

SYNTHESIS AND STRUCTURE OF AgMn;(PO,)(HPOQ,),

TABLE 5

Mn atom environments

Mn(1) Oy O(1)i O3) O3y O) O(4)
Oy 2.214(8) 4.35(2) 2.816(%) 3.05(1) 3.64(1) 3.099(9)
O(1)i 158.2(4) 2.214(8) 3.05(1) 2.816(9) 3.099(9) 3.64(1)
o) 79.1(3) 87.3(3) 2.209%7) 3.45(1) 4.47(1) 2.99(1)
O3 87.3(3) 79.1(3) 102.5¢4) 2.209(7) 2.99(1} 4.47(1)
O4) 108.2(3) 87.3(3) 170.9¢2) 83.6(3) 2.276(7) 325
O(4)ii 87.3(3) 108.2(3} 83.6(3) 170.9(2) 91.2(4) 2.276(7)
Mn(2) o o) 03 0(3) o5y (6}
o 2.237(7) 4.31) 2.816(9} 2.948(9) 2.92(1) 3.44(1)
0(2) 163.7(3) 2.180(7) 3611 2.95(1) 2.955(8) 2.99(1)
03} 79.7(3) 112.7(3) 2.157(8) 3.07(1) 4.30(1) 2.92(1})
O(5) 83.9(2} 85.4(3) 90.4(2) 2.170(7) 3.00(1) 4.28(1)
O(5)v 82.3(3) 84.9(3) 161.9(3) 86.8(3) 2.197(8) 3.30(1)
0(6) 104.0(3) 87.9(3) 85.8(3) 170.4¢2) 99.5(3) 2.128(7)
Mn(2)-Mn(2) 3.174(4) Mn(2)-0(5)-Mn(2) 93.3(3)
Mn(1)-Mn(2) 2x 3.373(3) Mn(1}-0O(1)~Mn(2) 98.5(3)
Mn(1)-0(3)-Mn(2) 101.1¢3)
P(1)O, tetrahedron
P(1) Oy Of1)y O2) O(2yi
oy 1.533(8) 2.50(1) 2.55(1) 2.512(9)
O+ 109.6(6) 1.533(8) 2.512(9) 2.55(1)
02) 111.2(3) 108.6(4) 1.560(8) 2.52(2)
Oy 108.6(4) 111.2(3) 107.6(6) 1.560(8)
P(2)0, tetrahedron
P(2) O3) O(4yi a5 Q(6)i
O3y 1.528(7) 2.561(8) 2.494(9) 251D
Ofd)vii 109.8(5) 1.601(8) 2.535(1) 2.53(1)
(5) 110.1{4} 109.9(4) 1.516(8) 2.49(1)
Ofa)*i 110.0¢4) 107.5(4) 109.5¢3) 1.538(8)
Ag atom environments
Ag(h)-O{6) 2x 2.397(6) O06)-Ag(1)-0{6) 84.7(2)
Ag(1)-0(6) 2x 2.539(8) O(6)-Ag(1)-016) 90.6(2)
Ag(1)-Q(1) 2x 2.88(1)
Ag(1)-0(5) 2x 3.04(1)
Ag(2)-0(6) 2x 2.340(5) O(6)-Ag(2)-0(6) 86.8(2)
Ag(2)-0(6) 2x 2.498(8) O6)-Ag(2)—Q6) 02.9(2)
Ag()-03) 2x 2.85(1)
Ag(2)-0(1) 2x3.22(2)
Ap(l)~Ag(2) 0.37(2) Ag(l)-Ag(l) 3.475(7)
Ag(1)-Ag(2) 3.385(4) Ag(2)-Ag(2) 3.335(2)

Note. Symmetry code: (i) x — 0.5,y — 0.5, z; (i) —x + 0.5,y — 0.5, —z + 0.5; (iii)) —x, ¥, —z + 0.5;
(iv)—x+05, -y+15 —z+1;Mx-05 -y+ 1.5 z-05 M) —x+05 —y+ 1.5, -z, (vii) —x +
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0.5,y + 0.5, —z + 0.5.

is the rhombic A(2) site that accepts additional cations in
the alluaudite structure, after the A(1) site is fully occu-
pied. Curiously, however, this has been confirmed only
in the recently reported Cu-containing alluaudite (6),
where two-coordinate Cu* resides in this site. In con-
trast, in Na,Fe,(PO,); (5) and in the protonated afluau-
dites, this A(2) site has become so irregular, with two

extremely short distances of ~1.8 A (Table ), that the
square planar A(2)' site, with four oxygen atoms at more
regular distances, is preferred. The case of AgMn;
(POMHPO,), is further complicated by the splitting of the
A(2)' site into two closely separated ones, Ag(l) and
Ag(2). Because they are only 0.37(2) A apart, these sites
probably represent local potential minima between which
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TABLE 6
Alkali or Pseudo-Alkali Sites in Some Alluaudites X(2)X(1)M(1)M(2);(PO4);

Compound Tunnel 2 (0, 0, 2) Tunnel 1 4, 0, 2)
[INa*Mn**(Fe**),(PO,); Nin0,0,0 Na*ins, 0,0
[INa+Cd* (In**),(PO.), [Jin0,0,0 Na*in4,0,0
NatNa*Fer*(FeliFel):(POL; Na* in 0, g, Na*in4, 0,0

Na*(H*);Mn?* (Mn2*),{PO,);
Ag*(H*)Mn?*(Mn2*),(PO,);
Na*(H*}:(Fe* )P0,

(Cu*, Co¥),35(Fe**, Fe¥* (PO,

Na* in 0, g,
Ag* in 0, £, (two sites)
Na* in 0, g4
Cu+in 0, 0, O?

O-H -+- O bridges
O-H -+ - O bridges
0O-H --- O bridges
Cu in §, &, § and near
14, 0,0¢

“ ¢ is a small positive number.

& An origin shift (0, 2, 0) must be applied to the originally reported coordinates (Ref. (6)).

the polarizable Ag cations can easily migrate. According
to the crystal structure determination, the Ag cations are
distributed almost equally between the two sites at an
occupancy of roughly 50%, with perhaps a slight prefer-
ence for the more off-centered Ag(1) site (Table 4). These
two sites lead to Ag-O distances ranging from 2.397(6) to
2.539(8) A for Ag(l) and from 2.340(5) to 2.498(8) A for

Ag(2). Other relevant distances and angles of Ag(1} and
Ag(2) environments are given in Table 5.

During our survey of the known alluaudites, we came
across the compound previcusly formulated as NaFe,
{(PO4); 4). Since our analysis has already shown that
there are discernable differences between the protonated
and nonprotonated series of alluaudites (Tables 6 and 7),

FIG. 1.

View of the covalent framework of AgMn;(PO,)(HPO,) along ¢, showing the cell outline. The small hatched circles are Mn atoms, the

stippled circles are P atoms, and the open circles are O atoms. The arrows indicate the alignment of sheets lying parallel to the (010) plane. The
framework defines tunneis 1 and 2 in which additional cations reside. The angle a is {(Mn(2)-0{6)-P(2))} and is a measure of the distortion of the

tunnels.
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RpLe/C)
o) ,1\/9'—‘ )

O2)

of2)
(b} O-H--0 bridges

FIG. 2. Tunnel i contains oxygen atoms in an arrangement that may
lead to (a) a cubic site at A(1), or {b) occurrence of hydrogen bonds.

we suspected that this compound was really NaH;Fe,
(POy);. Examination of relevant bond distances immedi-
ately revealed some anomalies. First, one of the P-O
bonds in the P{2)0; tetrahedron is significantly longer
(1.588 A) than the other three (1.520-1.531 A). Second,
as seen in Table 7, the O(2)-0(4) distance is quite short
(2.532 A), suggesting the occurrence of an O-H --- O
bridge. In any case, a bond valence calculation shows
that the Fe atoms must be in oxidation state +1I, and
charge balance requires the existence of additional cat-
ions, viz. H*.

It is now apparent that the critical feature that confers
flexibility to the alluaudite framework so that it can dis-
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(a) rhombic A{2) site {0, 0, 0)

of6
(6) O(E)

o~
o Q-7

e
T Qom

0(6
o) L0

(b) square planar A(2)' site (0, ¢ 3/4)

FIG. 3. Tunnel 2 containg oxygen atoms in an arrangement that may
lead to (&) a2 thombic site at A(2), or (b) a square planar site at A(2)’.

tort to accomodate the H* cations is given by the buck-
ling of the Mn(2)-0O(6)-P(2) angle (indicated as « in Fig.
1), at the portion of the framework where there is corner
sharing (between the Mn(2)O octahedron and the P(2)0,
tetrahedron), the rest of the framework being more rigid.
In the protonated alluaudites, the constriction of tunnel 1
engendered by the straddling of the O-H --- O bridge
gives rise to a Mn(2)-0(6)-P(2) angle significantly more
acute (~135° than that in the nonprotonated forms
(~145°) (Table 7). )
Because their ionic radii are similar (Na* 1.02 A, Ag*
1.15 A) (17), it is possible to substitute the Na cation in
the NaMns;(PO,)(HPO,); structure by Ag. The Ag cation,
being relatively polarizing, is able to support the off-cen-
tered square planar coordination in sites A(2)'. That sub-

TABLE 7
Comparison of Selected Distances (A) and Angles (°) in Some Alluaudites®

Compound A2)-0(6)? A-O(1)2 O2)-0(4) of Reference
NaMnFe,(PO,)s 2.080 2.782 3.039 145.8 1
NaCdIn,(PO,), 2.21 2.91 3.139 144.9 3
Na,Fey(PO,); 1.870 2.794 3.00 137.5 b
NaMuo (PO HPO,), 1.689 3.154 2.503 133.8 7
AgMny(POHPO,), 1.754 3.163 2.489 135.9 This work
NaFePO)HPO,), 1.693 3.113 2.532 134.7 4
Cu,.;5Feyi(PO,); 1.963 2.911 2.956 143.3 6

a Standard deviations are not greater than ~0.01 A for the distances and ~0.5° for the angles.
& A(2) is the theoretical rhombic site at 0, 0, 0 located in tunnel 2 (See Fig. 3a).
© The angle «, indicated in Fig. 1, is {((Mn{2)-0(6)-P{2))).
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stitution by K or T1 (K* 1.38 A, TI* 1.50 ;\) has thus far
not been achieved perhaps suggests that there is a limit to
which the alluaudite framework can distort, The Mn(2)-
0(6)-P(2} angle is fixed by the O-H --- O distance in
tunnel 1, fixing the size of tunnel 2, and thus larger cat-
ions must enter the A(2) site in tunnel 2 at increasingly
off-center positions (i.e., larger £ in 0, &, $).

With the recognition of the true formula of the all-Fe
compound, there are now three examples of completely
unoxidized, protonated members of the alluaudite series:
NaH,Mn2*(Mn2*)(PQ,);, AgH,Mn2*(Mn2*),(PQy);, and
NaH,Fe?*(Fe?*),(PQy);. Thermal gravimetric analysis
shows that AgMn;(PO,)(HPOQO,); undergoes a thermal deg-
radation corresponding to a dehydroxylation process
with the loss of one water molecule per formula unit. This
degradation takes place at a temperature higher (480°C)
than that (450°C) in NaMn;(PO)(HPO,), (7). Further ex-
periments are in progress to perform different substitu-
tions in the alluaudite series. Moreover, it would be inter-
esting to see if AgMny(POHPO,), is susceptible to ionic
conduction,
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