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ABSTRACT

The crystal chemistry of eosphorite from Chamachhu (Skardu District, Baltistan, Pakistan)
[(Mn3oFediosAloon)s1 o AIPOL(OH, 00F ¢ 10)s2- Ho0, @ = 6.9263(4), b= 10.4356(8), ¢ = 13.5234(10) A, V
=977.5(1) A3, space group Cmca, Z = 8], has been reinvestigated by means of electron microprobe
analysis in wavelength-dispersive mode and single-crystal neutron diffraction at 20 K. The anisotro-
pic structural refinement has been performed with final agreement index R, = 0.0381 for 82 refined
parameters and 860 unique reflections with F, > 46(F,). The analysis of the difference-Fourier maps
of the nuclear density allowed an unambiguous location of the H sites, the description of the H,O
molecule and the OH-group configuration, along with the hydrogen-bonding scheme. We can now
describe the structure of eosphorite as built by (Mn,Fe)O,(OH,H,0), and AlO,(OH),(OH,H,0),
octahedra, which both form chains running along [100]. The two types of chains are connected, via
shared corners, to form a set of (100) sheets held together by P-tetrahedra (and hydrogen bonds) to
form a three-dimensional framework. This material provides the rare opportunity to investigate the
H-bond configuration of coexisting hydroxyl groups and H,O molecules in minerals by single-crystal
neutron diffraction.
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INTRODUCTION

Minerals belonging to the eosphorite [MnAI(PO,)
(OH), H,0]-childrenite [FeAl(PO,)(OH), -H,0] series, with
the ideal chemical formula M**Al(PO,)(OH), H,0, where M**
= Fe?*, Mn*" (Hurlbut 1950; Fransolet 1980), are widespread
secondary phosphates occurring in medium to strongly evolved
rare-element granitic pegmatites ranging from the beryl- to the
petalite-subtype in the classification of Cerny and Ercit (2005).
Eosphorite, in particular, is a low-temperature metasomatic
mineral in lithium-cesium-tantalum (LCT) granitic pegmatites,
where it usually crystallizes in open cavities of pegmatitic dikes
(Simmons et al. 2003). Eosphorite is one of the low-T alteration
products of primary phosphates, mainly lithiophilite. It forms
prismatic elongated crystals (up to 10 cm), frequently grouped
in divergent clusters of pale-brown or pale-pinkish color.

The unit-cell constants and the possible space groups of
childrenite (Bbam or Bba2) were first reported by Barnes
(1949). The crystal structure of childrenite was later solved by
Giuseppetti and Tadini (1984) by means of X-ray single-crystal
diffraction. The authors refined the crystal structure in the acen-
tric space group Bba2, with a = 10.395(1), b =13.394(1), and
c¢=6.918(1) A (Z = 8) [childrenite composition: (MnyFe )
Al(PO4)(OH), H,0].

The crystal structure of eosphorite was first solved by
Hanson (1960) in the centrosymmetric Bbam space group,
with @ = 10.52, b = 13.60, and ¢ = 6.97 A (Z = 8), and later
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reinvestigated by Hoyos et al. (1993) by means of X-ray single-
crystal diffraction, in the Cmca space group, with a = 6.928(1),
b =10.445(1), and ¢ = 13.501(2) A [eosphorite composition:
(Mny 76Feq24)Al(PO,4)(OH), H,0]. Hoyos et al. (1993) studied
the optical absorption and photoluminescence of the eosphorite
sample used for the X-ray investigation.

The crystal structure of both eosphorite and childrenite
consists of chains parallel to the a-axis (in the Cmca space
group) that in turn consist of distorted (Mn,Fe)-octahedra,
sharing opposite O-O edges, and chains of Al-octahedra. The
two types of chains are connected via shared corners to form
a set of (100) sheets held together by [PO,] tetrahedra (and
hydrogen bonds) to form a three-dimensional network, as
shown in Figure 1.

Although the general structural model of Hoyos et al.
(1993) for eosphorite is correct, as shown by bond distances
and angles, the quality of the X-ray diffraction data at that
time did not allow the authors to provide: (1) a non-ambiguous
picture about the Fe/Mn-ordering in the octahedral sites (as-
suming a fully disordered configuration with one independent
Fe/Mn-octahedral site) and (2) the localization of all the pro-
ton sites, leaving open questions concerning the topological
configuration of the H,O molecule and of the OH™ groups,
their displacement regime along with the role played by the
H-bonds. The location of the proton sites and the nature of the
H-bond in this material are important, as the total amount of
H,0 is ~16 wt%. In addition, this material provides the rare
opportunity to investigate by single-crystal neutron diffraction
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the different role played by H-bonds of coexisting hydroxyl
groups and H,0 molecules. In this light, the aim of the present
study is a re-investigation of the crystal structure of a natural
eosphorite (with low Fe content) by means of low-temperature
single-crystal neutron diffraction, to define: (1) the location of
the proton sites, and the real topological configuration of the
H,0 molecules and OH™ groups, for a full description of the
interatomic relationship via H-bond; and (2) the anisotropic
displacement parameters of all the atomic sites, H included.
The low-T data are useful to reduce thermal libration motion,
which could be significant in this class of materials. Since the
previous X-ray diffraction studies have proved to be insufficient
to directly locate the H atoms, single-crystal neutron diffrac-
tion represents, therefore, the best experimental technique that
allows to answer the open questions about the crystal structure
of this hydrous phosphate.

Samples description and mineralogy

A single crystal of eosphorite up to 14 mm in length and
5 mm in diameter, coming from a granitic pegmatite outcrop-
ping in the area of Chamachhu (Changmachhu), Skardu dis-
trict, Baltistan, Pakistan, was used for this study. The sample
comes from a pegmatitic dike located near the little village of
Chamachhu, 10 km east of Shengus, along the Indus River on
the Gilgit-Skardu road (Blauwet et al. 1997; Kazmi et al. 1985).
Eosphorite from Chamachhu occurs as crystals perched on
white platy albite (cleavelandite) or on large pollucite crystals
(up to 20-30 cm) contained in large miarolitic cavities. The
mineralogical association of these pegmatites is fairly evolved
and represented by muscovite, lepidolite, spessartine, elbaite,
topaz, beryl (gem aquamarine and morganite), pollucite,
tantalite-(Mn), fluorapatite, eosphorite, and vdyrynenite. The
pegmatitic field is hosted by metamorphic rocks belonging to
the Nanga Parbat-Haramosh Massif (Searle 1991).
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FIGURE 1. (top) The crystal structure of eosphorite viewed
down [100], based on the neutron structure refinement of this
study at 20 K. Thermal ellipsoid probability factor: 50%. (Mn,Fe)
octahedra are in dark gray, Al octahedra in light gray, P tetrahedra
in light gray. (bottom) Clinographic view of the structure. The
building block units of the eosphorite structure consists of chains
of (Mn,Fe)-octahedra (sharing opposite O-O edges) running along
the a-axis, and chains of Al-octahedra. The two types of chains are
connected, via corner-sharing, to form a set of (100) sheets held
together by P-tetrahedra (and hydrogen bonds) up to form a three-
dimensional framework.

EXPERIMENTAL METHODS

A prismatic, 14 mm long single-crystal of eosphorite was cut in several frag-
ments used for the chemical analysis and for the neutron diffraction experiment.

Quantitative electron microprobe analysis in wavelength-dispersive mode
(EPMA-WDS) was performed on a polished fragment (1.1 x 0.8 x 0.3 mm?) of
the original crystal of eosphorite using a Jeol JXA-8200 electron microprobe
at the Earth Science Department of the University of Milano, Italy. The system
was operated with an accelerating voltage of 15 kV, a beam current of 5 nA, a
counting time of 30 s on the peaks and 10 s on the backgrounds, and a beam
diameter of 5 um. Minerals (graftonite for P, Fe, Mn, and Ca; grossular for Si
and Al; K-feldspar for K; forsterite for Mg; omphacite for Na; cancrinite for
Cl; and hornblende for F) were used as standards. The raw data were corrected
for matrix effects using the ®pZ method as implemented in the JEOL suite of
programs. The average chemical composition and the proportional formula of
the investigated eosphorite are given in Table 1.

A second fragment (3.2 x 3.5 x 4.5 mm, Table 2) of the original crystal of
eosphorite, free of defect or twinning under the polarized microscope, was used
for the neutron diffraction experiment. A preliminary characterization of the single
crystal was performed using the Laue backscattering technique as available on the
instrument Orient-Express at the Institut Laue-Langevin (ILL), Grenoble (Oulad-
diaf et al. 2006). The sample presented broad reflections spots. Consequently,
broad scans in omega (up to 6°) were performed for the data collection to get the
whole integrated intensities. Intensity data were collected at 20 K on the high-

TABLE 1. Averaged (22 points) WDS electron-microprobe analysis of
eosphorite from Chamachhu
wt% e.s.d. apfu
P,0s 30.98 0.21 P 1.000
Al,05 22.56 0.07 Al 1.009
FeO 1.92 0.20 Fe* 0.061
MnO 29.12 0.10 Mn?* 0.940
MgO 0.04 0.02 Mg 0.002
Ca0 0.09 0.07 Ca 0.004
Na,O 0.08 0.01 Na 0.006
*H,0 14.90 OH- 1.897
*F 0.86 0.12 F- 0.103
sum 100.56
O=F -0.36 H,0 1.000
Total 100.20

Notes: Si, As, K, and Cl were below detection limit; formula proportions calculated
on the basis of 1 atom of P per formula unit (apfu); * calculated considering
(OH+F) = 2 apfu and H,0 = 1 molecule pfu.
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resolution four-circle diffractometer D9 at ILL using a wavelength of 0.8390(1)
A obtained by reflection from a Cu(220) monochromator. The wavelength was
calibrated using a germanium single crystal. D9 is equipped with a small two-
dimensional area detector (Lehmann et al. 1989), which for this measurement
allowed optimal delineation of the peak from the background. A total number of
2451 reflections (of the type +h, +k, +/) were collected up to 26,,, = 91.1°, giv-
ing rise to 873 unique reflections (Table 2). For all data, background corrections
following Wilkinson et al. (1988) and Lorentz corrections were applied. After
corrections, the discrepancy factors among the symmetry related reflections was
R;,=0.0330 (Laue class mmm) (Table 2).

Least-squares matching of the observed and calculated centroids of the 1078
strongest reflections gave a metrically orthorhombic unit cell with: a = 6.9263(4),
b=10.4356(8), and ¢ = 13.5234(10) A, with a C-centered lattice. Other details
pertaining to the data collections are listed in Table 2. CIF! is deposited.

A careful inspection of the diffraction intensities did not show any significant
evidence of magnetic ordering in eosphorite structure at 20 K.

! Deposit item AM-13-706, CIF. Deposit items are available two ways: For a paper
copy contact the Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information. For an electronic copy visit
the MSA web site at http://www.minsocam.org, go to the American Mineralogist
Contents, find the table of contents for the specific volume/issue wanted, and then
click on the deposit link there.

TaBLE 2. Details of neutron data collection and refinement of
eosphorite

Crystal shape

Crystal size (mm)

Crystal color

Unit-cell constants

Prismatic
32x3.5x45
Translucent pink
a=6.9263(4) A
b=10.4356(8) A
c=13.5234(10) A
v=977.501) A3

Chemical formula MnAI(PO,)(OH),-H,0

Space group Cmca

z 8

T(K) 20

Radiation (A) 0.8390(1)

Diffractometer D9 four circle

Data-collection method -0 scans

Max. 26 (°) 91.1
-11<h<8
-11<k<14
-7<1<20

No. measured reflections 2451

No. unique reflections 873

No. unique refl. with F, > 4c(F,) 860

No. refined parameters 82

Rint 0.0330

R, (F) with F, > 46(F,) 0.0381

R, (F) for all the unique refl. 0.0394

WR, (F?) 0.0689

S 3.240

Weighting scheme: a, b 0.01,0

Residuals (fm/A%) +0.6/-0.6

Note: Ry, = z“?:bs - Fébs(mean)l/z[l“ebs]; Ry = z(lFobsl - |F:ak|)/z|Fob5|; WR; = {Z[W(F2p,
= Faa’V/ZIW(F3e) 11, w = 1/[6°(F3p)) + (a*P)* + b*P], P = [Max (P 0) + 2*F2, /3.
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Structure refinements

The neutron diffraction data of eosphorite were first processed with the
program E-STATISTICS, implemented in the WinGX package (Farrugia 1999).
The Wilson plot was carried out and the normalized structure factors (£’s) and
their statistics of distributions were calculated. The structure of cosphorite was
found to be centrosymmetric at 92.9% likelihood. A similar result was obtained
by the Sheldrick’s |E>— 1] criterion (Sheldrick 1997), with |E*— 1| = 0.962. On the
basis of the reflections conditions and of the presence of the inversion center, the
crystal structure refinement was then performed in the space group Cmca using
the SHELX-97 software (Sheldrick 1997), with anisotropic thermal displacement
parameters. The starting model was that of Hoyos et al. (1993), without any H
site. The neutron scattering lengths of Mn, Fe Al, P, O, F, and H have been used
according to Sears (1986). The secondary isotropic extinction effect was corrected
according to Larson’s formalism (1967), as implemented in the SHELXL-97 pack-
age (Sheldrick 1997). The octahedral M site was modeled with the scattering lengths
of Mn and Fe, and the occupancy of the two elements was refined (Table 3). When
convergence was achieved, three intense negative residual peaks were found in the
final difference-Fourier map of the nuclear density. Further refinement cycles were
then performed assigning H to these residual peaks (i.e., H1, H2, and H3 sites; Fig.
2, Table 3), as hydrogen has a negative neutron scattering length (Sears 1986). The
final least-square cycles were conducted with anisotropic thermal parameters for
all sites including the H-sites. A mixed scattering length of O and F was used to
model the O3 and O4 sites. However, this did not improve the figures of merit of
the refinement, leading to a not meaningful site occupancy factor of fluorine. When
convergence was achieved, all the principal mean-square atomic displacement

FIGURE 2. Hydrogen location, configuration of OH™ groups and H,0
molecules, along with H-bond scheme, in the structure of eosphorite.
The occupancy factor of the H2 site is 50%.

TaBLE 3. Refined positional and thermal displacement parameters (A% and site occupancy factors of eosphorite

Site s.o.f. x/a y/b z/c U, Uy, Uss U, U3 Uy Ueq

M Mn, 0.944(1) 0.25 0.13423(14) 0.25 0.0032(3) 0.0055(6) 0.0103(6) 0 -0.0015(3) 0 0.0063(2)

Fe, 0.056(1)

Al Al 1 0.25 0.25 0 0.0033(2) 0.0091(5) 0.0066(5) -0.0012(3) 0.0009(2) -0.0029(4) 0.0064(2)
P P1 0 0.37739(8)  0.33377(5)  0.0033(2) 0.0061(3) 0.0056(3) 0 0 0.0008(3) 0.0050(1)
o1 0,1 0 0.26580(7)  0.25871(5)  0.0071(2) ~ 0.0063(3)  0.0058(3) 0 0 -0.0007(2)  0.0064(1)
02 0,1 0 0.00716(7)  0.21941(5) 0.0051(2) 0.0059(3) 0.0062(3) 0 0 -0.0011(2) 0.0057(1)
03 0,1 0 0.25178(7)  0.04931(5) 0.0037(2) 0.0076(3) 0.0065(3) 0 0 0.0004(2) 0.0059(1)
04 0,1 0.18076(5)  0.11057(5)  0.40962(3) ~ 0.0052(1)  0.0069(2)  0.0069(2) ~ 0.0004(1)  -0.0001(1) -0.0002(2)  0.0063(1)
05 0,1 0.31912(5)  0.13209(5)  0.60046(3) 0.0043(1) 0.0076(2) 0.0065(2) 0.0003(1) -0.0005(1) 0.0013(2) 0.0061(1)
H1 H,0.990(3) 0.23517(12) 0.02445(11) 0.42046(8)  0.0213(3) 0.0139(5) 0.0225(5) 0.0046(3)  -0.0007(3)  0.0023(4) 0.0192(2)
H2 H,0.507(3) 0.02866(17) 0.10127(19) 0.41045(13)  0.009(1) 0.020(1) 0.021(1) -0.002(0) 0 -0.001(1)  0.0165(5)
H3 H,1 0 0.28409(18) 0.11668(11)  0.0181(4) 0.0349(9) 0.0176(6) 0 0 -0.0073(6) 0.0235(4)

Notes: The anisotropic displacement factor exponent takes the form: -2n?[(ha*)?U,, +...+ 2hka*b*U,,]. Ueqis defined as one third of the trace of the orthogonalized U tensor.
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TABLE4. Principal root-mean-square components (R1, R2, and R3,
%102 A) of the atomic displacements parameters
Site R1 R2 R3 R1/R3
M 10.2(2) 7.4(4) 54(3) 1.90
Al 10.6(2) 6.9(4) 5.5(2) 1.94
P 8.1(2) 7.1(2) 5.7(2) 1.41
01 8.4(1) 8.2(2) 7.3(2) 1.16
02 8.4(2) 7.1(1) 7.1(2) 1.19
03 8.8(2) 7.9(2) 6.1(1) 1.44
04 8.5(1) 8.2(1) 7.1(1) 1.19
05 9.2(1) 7.6(1) 6.4(1) 1.44
H1 15.4(1) 15.1(2) 10.6(2) 1.45
H2 14.5(3) 14.0(3) 9.4(6) 1.55
H3 19.4(2) 13.4(1) 12.2(3) 1.59
TABLE5. Relevantbond distances (A) and angles (°) in the eosphorite
structure
M-O1 (x2) 2.213(1) 04-H1 0.985(1)
M-02 (x2) 2.220(1) O4-H1* 1.003
M-04 (x2) 2.2249(5) H1---05 1.757(1)
01-01 3.471(1) 04---05 2.711(1)
01-02 2.751(2) 04-H1---05  161.9(1)
01-04 2.8908(8) 04-H2 1.058(1)
01-04' 3.563(1) 04-H2* 1.071
02-02 3.561(1) 04---04 2.504(1)
02-04 3.0163(6) H2---04 1.454(1)
02-04' 3.0576(8) 04-H1---04  170.9(1)
Al-03 (x2) 1.8556(3) H1-04-H2 107.2(1)
Al-O4 (x2) 1.9599(5) 03-H3 0.972(2)
Al-05 (x2) 1.8945(5) 03-H3* 0.995
03-04 2.683(1) 03---01 2.836(1)
03-04' 2.715(1) H3---01 1.930(1)
03-05 2.614(1) 03-H3---:01  154.0(1)
03-05' 2.689(1)
04-05 2.689(1) H2<H2 0.397(2)
04-05' 2.762(1)
P-01 1.545(1)
P-02 1.533(1)
P-05 (x2) 1.5396(6)
01-02 2.536(2)
01-05 2.5164(8)
02-05 2.5037(7)
05-05 2.5057(8)

* Bond distance corrected for “riding motion” following Busing and Levy (1964).

parameters were positively defined and the variance-covariance matrix showed
no significant correlation among the refined parameters (i.e., no correlation higher
than 0.5). At the end of the last cycle of refinement, no peak larger than +0.6/-0.6
fm/A® was present in the final difference-Fourier map of the nuclear density (Table
2). The final agreement index (R,) was 0.0381 for 82 refined parameters and 860
unique reflections with F, > 46(F,) (Table 2). Atomic positions and displacement
parameters (Uj;) are reported in Table 3. Principal root-mean-square components
of the atomic displacements parameters are given in Table 4. Bond lengths and
angles are listed in Table 5.

A further test refinement of the structure of eosphorite was performed in the
non-centrosymmetric space group C2cb. In this case, four independent H sites
were located. The refinement converged to the final agreement index R, = 0.0314
(number of observed reflections/number of refined parameters = 9.7), with no
residuals larger than +0.6/-0.5 fm/A3. However, when convergence was achieved,
the principal mean-square atomic displacement parameters of the (Mn,Fe) site
were not positively defined and several other displacement ellipsoids showed a
drastically high, and unacceptable, anisotropy. In addition, the variance-covariance
matrix showed significant correlations (> 0.82) among the refined parameters.

DISCUSSION AND CONCLUSIONS

The single-crystal neutron structure refinement of this
study provides a general structure model in agreement with the
previous one reported by Hoyos et al. (1993). The statistics of
distributions of the normalized structure factors (£ values) and
the Wilson plot suggested that the structure is centrosymmetric.
This result is corroborated by the structure refinements performed
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in the space groups Cmca and C2ch. Our experimental findings
confirm the previous results reported by Hoyos et al. (1993),
who performed a piezoelectricity test on a crystal of eosphorite
(from Taquaral, Brazil) showing no evidence of activity in the
frequency range from 100 to 1000 KHz, so suggesting the pres-
ence of a center of symmetry.

The building block units of the eosphorite structure consist
of chains of (Mn,Fe)-octahedra (sharing opposite O-O edges)
running along the a-axis, and chains of Al-octahedra. The two
types of chains are connected, via corner-sharing, to form a set of
(100) sheets held together by P-tetrahedra (and hydrogen bonds)
to form a three-dimensional framework, as shown in Figure 1.
Distorted channels, confined by a 6-membered ring of polyhe-
dra, run along [100]. The (Mn,Fe)-octahedron is significantly
distorted, with A(O-0),..x = 0.81 A (i.e., the difference between
the longest and the shortest O-O distances) (Table 5), the O-O
distance of the shared-edge being significantly shorter than the
non-shared ones. We cannot exclude that this is the effect due to
the cation-cation repulsion, as M-M = 3.46 A. The Al-octahedron
and the P-tetrahedron appear to be less distorted, with A(O-O),q,
~0.15 A and A(0O-0),,., = 0.03 A, respectively (Table 5).

The low-T structure refinement does not show any evidence
of (Mn,Fe)-octahedral ordering, which should lead to a lowering
of the symmetry. In addition, the principal root-mean-square
components of the atomic displacements parameters (Table 4)
do not show any pronounced displacement about the equilib-
rium position, if compared with those of the other atomic sites,
suggesting the absence of a local site splitting. The Fe-content
deduced on the basis of the structure refinement is 0.056(1)
apfu (Table 3), in good agreement with the chemical analysis
(i.e., Fe 0.061 apfu, Table 1). The EPMA-WDS data shows a
slight excess of Al (about 0.01 apfu, Table 1), as often reported
in eosphorite (e.g., samples from Black Mountain, Maine, and
Buckfield, Maine; Hurlbut 1950).

The neutron structure refinement of this study allowed an
unambiguous location of the H-sites along with the description
of the H-bonding scheme in eosphorite structure. We can now
describe the structure as made by (Mn,Fe)O,(OH,H,0), and
AlO,(OH),(OH,H,0), octahedra (Figs. 1 and 2). The O3 site is
the OH™ group (i.e., O3-H3) oxygen, whereas O4 is the oxygen
of OH" group (i.e., O4-H1) and H,O molecules (i.e., H2-O4-H1)
(Figs. 1 and 2, Table 5). In particular, H,O molecules have site
occupancy of 50%, so that the two H,O molecules generated
by the mirror plane are mutually exclusive (Fig. 2, Table 3). In
other words, the two equivalent O4 sites generated by the mirror
plane are, respectively, the oxygen of one OH™ group and one
H,O molecule, with a local breaking of the symmetry, as shown
in Figure 2. Among the three independent AI-O bond distances
of the AlO,(OH),(OH,H,0), octahedron, the AI-OH bond dis-
tance (i.e., Al-O3) is the shortest and the Al-(OH,H,0) distance
(i.e., Al-O4) the longest, respectively (Table 5). In the (Mn,Fe)
0,(OH,H,0), polyhedron, the M-(OH,H,0), bond distance (i.c.,
M-04) is the longest (Table 5).

The location of the H™ sites and the configuration of the
OH" group and H,0 molecules suggested by Hoyos et al. (1993),
on the basis of X-ray diffraction data, were not correct: the O3
site was considered as H,O oxygen atom, whereas the O4 site
as OH™ group atom.
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The geometry of the H,O molecule and the OH group, along
with the hydrogen bonding scheme in eosphorite, are now well
defined. The O4-H1 and O4-H2 distances, corrected for “riding
motion” (Busing and Levy 1964), are ~1.003 and ~1.071 A,
respectively (Table 5), and two strong hydrogen bonds energeti-
cally favorable occur: O4---05=2.711(1) A,H1---05=1.757(1)
A,and 04-H1---05=161.9(1)°; 04---04=2.504(1) A, H2---04
=1.454(1) A, and O4-H1---04 = 170.9(1)° (Fig. 2, Table 5). In
other words, symmetry-related O4 act as donor and as acceptor
of the H-bond. The H1-O4-H2 angle approaches the ideal value
[i.e., 107.2(1); Fig. 2, Table 5] (Chiari and Ferraris 1982; Steiner
1998; Gatta et al. 2008, 2009, 2012). The OH-group shows:
03-H3 distance, corrected for “riding motion,” of ~0.995 A,
03---01=2.836(1) A, H3---O1=1.930(1) A, and O3-H3---O1
= 154.0(1)° (Fig. 2, Table 5). The Ol site (i.e., the acceptor of
the H bond of the O3-H3 group) is underbonded, as it is shared
by two (Mn,Fe)-octahedra and one P-tetrahedra (Fig. 2, Table 5).

The anisotropic structure refinement shows that the principal
root-mean-square components of the atomic displacements pa-
rameters of the H3 site (belonging to the OH™ group) are larger
in magnitude than those of the H1 and H2 sites (belonging to
the H,O molecules, Table 4).

ACKNOWLEDGMENTS

The authors thank the Institut Laue-Langevin, Grenoble, France, for the
allocation of neutron beam time. The authors are grateful to E. Marini for the
eosphorite sample, and to F. Pezzotta for a fruitful discussion. A. Locock, an
anonymous reviewer and the Associate Editor H. Xu are thanked for the revision
of the manuscript. This study was founded by the Italian Ministry of University
and Research, MIUR-Project: 20l0EARRRZ_003.

REFERENCES CITED

Barnes, W.H. (1949) The unit cell and space group of childrenite. American
Mineralogist, 34, 12—18.

Blauwet, D., Smith, B., and Smith, C. (1997) A guide to the mineral localities of
the Northern Areas, Pakistan. Mineralogical Record, 28, 183-200.

Busing, W.R. and Levy, H.A. (1964) The effect of thermal motion on the estima-
tion of bond lengths from diffraction measurements. Acta Crystallographica,
17, 142-146.

Cerny, P. and Ercit, S. (2005) The classification of granitic pegmatites revisited.
Canadian Mineralogist, 43, 2005-2026.

Chiari, G., and Ferraris, G. (1982) The water molecules in crystalline hydrates
studied by neutron diffraction. Acta Crystallographica, B38, 2331-2341.
Farrugia, L.J. (1999) WinGX suite for small-molecule single-crystal crystallogra-

phy. Journal of Applied Crystallography, 32, 837-838.
Fransolet, A.M. (1980) The eosphorite-childrenite series associated with the Li-Mn-

1301

Fe phosphate minerals from the Buranga Pegmatite, Rwanda. Mineralogical
Magazine, 43, 1015-1023.

Gatta, G.D., Rotiroti, N., McIntyre, G.J., Guastoni, A., and Nestola, F. (2008)
New insights into the crystal chemistry of epididymite and eudidymite from
Malosa, Malawi: a single-crystal neutron diffraction study. American Miner-
alogist, 93, 1158-1165.

Gatta, G.D., Rinaldi, R., McIntyre, G.J., Nénert, G., Bellatreccia, F., Guastoni, A.,
and Della Ventura, G. (2009) On the crystal structure and crystal chemistry of
pollucite, (Cs,Na),sAl,S13,09¢ nH,O: a natural microporous material of interest
in nuclear technology. American Mineralogist, 94, 1560-1568.

Gatta, G.D., McIntyre, G.J., Swanson, G.J., and Jacobsen, S.D. (2012) Minerals in
cement chemistry: a single-crystal neutron diffraction and Raman spectroscopic
study of thaumasite, Ca;Si(OH)s(CO;)(SO,): 12H,0. American Mineralogist,
97, 1060-1069.

Giuseppetti, G. and Tadini, C. (1984) The crystal structure of childrenite from
Tavistock (SW England), ChgEo, term of childrenite-cosphorite series. Neues
Jahrbuch fiir Mineralogie Monatshefte, 263-271.

Hanson, A.W. (1960) The crystal ctructure of eosphorite. Acta Crystallographica,
13, 384-387.

Hoyos, M.A., Calderon, T., Vergara, 1., and Garcia-Solé, J. (1993) New structure
and spectroscopic data for cosphorite. Mineralogical Magazine, 57, 329-336.

Hurlbut, C. (1950) Childrenite-eosphorite series. American Mineralogist, 35,
793-805.

Kazmi, A.H., Peters, J.J., and Obodda, H.P. (1985) Gem pegmatites of the Shengus-
Dusso area, Gilgit, Pakistan. Mineralogical Record, 16, 393-411.

Larson, A.C. (1967) Inclusion of secondary extinction in least-squares calculations.
Acta Crystallographica, 23, 664—665.

Lehmann, M.S., Kuhs, W., McIntyre, G.J., Wilkinson, C., and Allibon, J. (1989)
On the use of a small two-dimensional position-sensitive detector in neutron
diffraction. Journal of Applied Crystallography, 22, 562—-568.

Ouladdiaf, B., Archer, J., MclIntyre, G.J., Hewat, A.W., Brau, D., and York, S.
(2006) OrientExpress: A new system for Laue neutron diffraction. Physica
B, 385-386, 1052-1054.

Searle, M.P. (1991) Geology and Tectonics of the Karakoram Mountains, 358 p.
Wiley, Chichester, U.K.

Sears, V.F. (1986) Neutron scattering lengths and cross-sections. In K. Skold and
D.L. Price, Eds., Neutron Scattering, Methods of Experimental Physics, vol.
23A, p. 521-550. Academic Press, New York.

Sheldrick, G.M. (1997) SHELX-97. Programs for crystal structure determination
and refinement. University of Géttingen, Germany.

Simmons, W., Webber, K.L., Falster, A.U., and Nizamoft, J.W. (2003) Pegmatol-
ogy—Pegmatite Mineralogy, Petrology and Petrogenesis, 176 p. Rubellite
Press, New Orleans, Louisiana.

Steiner, T. (1998) Opening and narrowing of the water H-O-H angle by hydrogen-
bonding effects: Re-inspection of neutron diffraction data. Acta Crystallo-
graphica, B54, 464-470.

Wilkinson, C., Khamis, H.-W., Stansfield, R.F.D., and McIntyre, G.J. (1988) Integra-
tion of single-crystal reflections using area multidetectors. Journal of Applied
Crystallography, 21, 471-478.

MANUSCRIPT RECEIVED DECEMBER 13, 2012
MANUSCRIPT ACCEPTED MARCH 1, 2013
MANUSCRIPT HANDLED BY HONGWU XU



Gatta et al.: Crystal chemistry of eosphorite, American

Supplemental data, AM-13-706.

data_eosphorite
_audit creation method SHELXL-97
_chemical name systematic

7

?

7
_chemical name common
_chemical_melting point
_chemical_formula_moiety
chemical_formula_sum

'H3.99 Al Fe0.06 Mn0.94 07 P'

_chemical_formula_weight 228.9

'eosphorite’

loop_

_atom_type symbol

_atom type description

_atom type scat dispersion real

_atom type scat dispersion imag
_atom_type_scat_source

'Mn' 'Mn' -3.73 0.0000 'Sears (1986)"
'Fe' 'Fe' 9.94 0.0000 'Sears (1986)'
'Al'  'Al’ 3.449 0.0000 'Sears (1986)'
'p' 'P' 5.13 0.0000 'Sears (1986)"
'o' 'O’ 5.805 0.0000 'sears (1986)'
'H' 'H' -3.7409 0.0000 'Sears (1986)'

_symmetry cell setting 'orthorhombic’
_symmetry space group name H-M 'Cmc a'

loop_

_symmetry equiv_pos_as_xyz
‘X, ¥y, 2!

'-x+1/2, -y, z+1/2'
'x, =y, -z'

'-x+1/2, y, -z+1/2'
'x+1/2, y+1/2, z'
'-x+1, -y+1/2, z+1/2'
'x+1/2, -y+1/2, -z'
'-x+1, y+1/2, -z+1/2'
'-x, -y, -z2'

'x-1/2, y, -z-1/2"'
'-x, ¥y, 2'

'x-1/2, -y, z-1/2'
'-x+1/2, -y+1/2, -z'
'k, y+1/2, -z-1/2"
'-x+1/2, y+1/2, z'
'x, -y+1/2, z-1/2"

_cell length a 6.9263(4)
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_cell length b 10.4356(8)
_cell_length_c 13.5234(10)
_cell angle alpha 90.00
_cell angle beta 90.00
_cell angle gamma 90.00
_cell volume 977.47(12)
_cell formula_ units_2 8

_cell measurement_ temperature 20(2)
_cell measurement reflns used ?

_cell measurement_theta_min ?

_cell measurement_ theta max ?

_exptl crystal description
_exptl crystal colour
_exptl crystal size max
_exptl crystal size mid
_exptl crystal_size_min
_exptl crystal density meas ?
_exptl crystal density diffrn 3.11

_exptl _crystal _density method 'not measured'
_exptl crystal F 000

_exptl absorpt coefficient mu
_exptl absorpt correction_ type
_exptl absorpt correction T min
_exptl absorpt correction T max
_exptl absorpt process details

ACIAVINCN B S AV

N ) ) ) ) )

_exptl special details
7
?

.
4

_diffrn ambient temperature 20(2)

_diffrn radiation_wavelength 0.8390

_diffrn radiation_type 'neutron’

_diffrn radiation_source ?

_diffrn radiation_monochromator "Cu(220)"

_diffrn measurement_device_type 'two-dimensional area detector’
_diffrn measurement_method
_diffrn detector_ area resol mean
_diffrn standards_ number

_diffrn standards_interval_ count
_diffrn standards_interval_time
_diffrn standards_decay_ %
_diffrn reflns_number

_diffrn reflns_av_R_equivalents 0.0330

N ) ) ) ) )

N
NN
(6}
=

_diffrn reflns av_sigmaI/netI 0.0175
_diffrn reflns_limit_h min -11
_diffrn reflns limit h max 8
_diffrn reflns_limit_k min -11
_diffrn reflns limit k max 14
_diffrn reflns limit 1 min -7
_diffrn reflns_limit 1 max 20
_diffrn reflns theta min 4.59

_diffrn reflns theta max 45.55



.
4

.
4

reflns_number total 873
reflns_number gt 860
reflns threshold expression >2sigma(I)

[3V]

computing data collection
computing cell refinement
computing data reduction
computing structure solution
computing structure refinement
computing molecular graphics
computing publication material

- W) W) W)

SHELXL-97 (Sheldrick, 1997)'

LAV

refine_special details

Refinement of F"2”" against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on F"2", conventional R-factors R are based

on F, with F set to zero for negative F"2". The threshold expression of
F*2" > 2sigma(F"2") is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based
on F"2”" are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.

refine_ls_structure factor_ coef Fsqd

refine 1s matrix type full

refine_ls_weighting scheme calc

refine_ls weighting details

'calc w=1/[\s"2"(F0o"2")+(0.0100P)"2"+0.0000P] where P=(Fo"2"+2Fc"2")/3"'

atom sites solution primary direct
atom sites solution_ secondary difmap
atom sites solution_ hydrogens geom
refine_ls_hydrogen_treatment mixed
refine 1s extinction method SHELXL
refine ls_extinction_coef 0.0036(3)

refine ls extinction_expression
'"Fc"**=kFc[1+0.001xFc"2~\1"3"/sin(2\q)]"-1/4""

_refine_ 1ls number_ reflns 873
_refine_ls number parameters 82
_refine_ls number restraints 0
_refine_1ls_R_factor_all 0.0394
_refine_1ls R factor_gt 0.0381
_refine 1s wR_factor_ref 0.0689
_refine_1ls wR_factor_ gt 0.0683
_refine_ ls_goodness_of_ fit ref 3.240
_refine 1ls_restrained_S_all 3.240
_refine 1s_shift/su_max 0.087
_refine 1s_shift/su_mean 0.007
loop

_atom site label

_atom site type symbol
_atom site fract x
_atom site fract y
_atom site fract z

_atom _site U iso or equiv



_atom_site adp_ type

_atom_site occupancy

_atom_site symmetry multiplicity

_atom_site calc flag

_atom_site refinement flags

_atom _site disorder_ assembly

_atom site disorder group

Mn Mn 0.2500 0.13423(14) 0.2500 0.0063(3) Uani 0.9435(11) 2 d SP
Fel Fe 0.2500 0.13423(14) 0.2500 0.0063(3) Uani 0.0565(11) 2 d SP .
Al Al 0.2500 0.2500 0.0000 0.0064(2) Uani 1 2 d S

PP 0.0000 0.37739(8) 0.33377(5) 0.00496(14) Uani 1 2 d S .

0l O 0.0000 0.26580(7) 0.25871(5) 0.00642(13) Uani 1 2 d S

02 0 0.0000 0.00716(7) 0.21941(5) 0.00573(12) Uani 1 2 d S

03 0 0.0000 0.25178(7) 0.04931(5) 0.00591(12) Uani 1 2 d S .

04 0 0.18076(5) 0.11057(5) 0.40962(3) 0.00629(9) Uani 1 1 d . .

05 0 0.31912(5) 0.13209(5) 0.60046(3) 0.00612(9) Uani 1 1 d . .

H1 H 0.23517(12) 0.02445(11) 0.42046(8) 0.0192(2) Uani 0.990(3) 1 d P .
H2 H 0.02866(17) 0.10127(19) 0.41045(13) 0.0165(5) Uani 0.507(3) 1 d P
H3 H 0.0000 0.28409(18) 0.11668(11) 0.0235(3) Uani 1 2 d S

loop_

_atom site aniso_ label

_atom site aniso U 11

_atom site aniso U 22

_atom site aniso U 33

_atom site aniso U 23

_atom site aniso U 13

_atom site aniso U 12

Mn 0.0032(3) 0.0055(6) 0.0103(6) 0.000 -0.0015(3) 0.000
Fel 0.0032(3) 0.0055(6) 0.0103(6) 0.000 -0.0015(3) 0.000
Al 0.0033(2) 0.0091(5) 0.0066(5) -0.0028(4) 0.0009(2) -0.0012(3)
P 0.00327(17) 0.0061(3) 0.0056(3) 0.0008(3) 0.000 0.000

0l 0.00713(16) 0.0063(3) 0.0058(3) -0.0007(2) 0.000 0.000

02 0.00510(16) 0.0059(3) 0.0062(3) -0.0011(2) 0.000 0.000

03 0.00374(15) 0.0076(3) 0.0065(3) 0.0004(2) 0.000 0.000

04 0.00515(12) 0.0069(2) 0.00687(18) -0.00024(17) -0.00012(11) 0.00042(12)
05 0.00431(12) 0.0076(2) 0.00647(18) 0.00134(17) -0.00048(10) 0.00030(11)
H1 0.0213(3) 0.0139(5) 0.0225(5) 0.0023(4) -0.0007(3) 0.0046(3)

H2 0.0092(11) 0.0195(10) 0.0207(8) -0.0005(7) 0.0004(4) -0.0022(4)

H3 0.0181(4) 0.0349(9) 0.0176(6) -0.0073(6) 0.000 0.000

_geom_special details

14

All esds (except the esd in the dihedral angle between two l.s. planes)

are estimated using the full covariance matrix. The cell esds are taken
into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.

.
4

loop
_geom_bond atom site label 1
_geom_bond_atom site label 2
_geom_bond distance



_geom_bond_site symmetry 2
_geom_bond publ flag

Mn Ol 2.2130(10) 10 656 ?
Mn Ol 2.2130(10)

Mn 02 2.2199(10) . ?

Mn 02 2.2199(10) 10 656 ?
Mn 04 2.2249(5) 4 ?

Mn 04 2.2249(5) . ?

Mn 05 3.2039(12) 13 556 ?
Mn 05 3.2039(12) 16 ?

Mn P 3.2742(13) 10 656 2
Mn P 3.2742(13) . ?
Mn P 3.3861(13) 14 546 ?

Mn P 3.3861(13) 5 545 ?
03 1.8556(3) . ?
03 1.8556(3) 13 ?
05 1.8945(5) 4 ?
05 1.8945(5) 16 ?
04 1.9599(5) 4 ?
04 1.9599(5) 16 ?

P 3.1336(6) 10 656 2
P 3.1336(6) 6_454 ?
Al 3.4632(2) 7_455 ?
Al 3.4632(2) 7 2

02 1.5333(11) 14 556 2
05 1.5396(6) 13 556 2
05 1.5396(6) 7_456 ?
0l 1.5449(11) . ?

Al 3.1335(6) 4 ?

Al 3.1335(6) 6_455 ?
03 3.2114(10) 6_455 ?
04 3.2206(9) 11 2

04 3.2206(9) . ?

Fel 3.2742(13) 10 556 ?
Mn 3.2742(13) 10 _556 2
0l Fel 2.2130(10) 10 556 ?
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FHRHRRRRRR

0l Mn 2.2130(10) 10 _556 ?
0l 05 2.5164(8) 13 556 2
0l 05 2.5164(8) 7_456 2
0l 02 2.5361(11) 14 556 ?
0l 02 2.7509(11)

0l 03 2.8356(10) . 2

0l 04 2.8908(8) . ?

Ol 04 2.8908(8) 11 ?

Ol H3 1.9301(17) . ?

02 P 1.5333(11) 14 546 2
02 Fel 2.2199(10) 10 556 ?

02 Mn 2.2199(10) 10 556 ?
02 05 2.5037(7) 12 2

02 05 2.5037(7) 2_554 ?
02 0l 2.5361(11) 14 546 ?
02 04 3.0163(6) 10 556 2
02 04 3.0163(6) 4 ?

02 04 3.0576(8) . ?

03 Al 1.8556(3) 7_455 ?



03
03
03
03
03
03
03
03
03
03
04
04
04
04
04
04
04
04
04
04
05
05
05
05
05
05
05
05
05
05
05

loop

05
05
04
04
05
05
04
04

NNMNDNMNDNMNDNDDNDNDDNDDN

.6139(6) 16 ?
.6139(6) 6_454 ?
.6832(8) 6_454 ?
.6832(8) 16 ?
.6892(8) 10 556 ?
.6892(8) 4 ?
.7147(6) 10 _556 ?
.7147(6) 4 ?

P 3.2114(10) 6_454 ?

H3
Al
04
03
05
05
03
05
02
H1
H2

RF OWNDNMDNMDDNMNDDNDDNDREO

.9715(16) . ?
.9599(5) 4 ?
.5040(8) 11 2
.6832(8) 6_455 ?
.6889(8) 13 556 ?
.7110(7) 3_556 ?
.7147(6) 10_656 ?
.7622(7) . 2
.0163(6) 10 656 ?
.9855(12) . ?
.0580(13) . ?

P 1.5396(6) 13 556 2

Al
02
05
o1
03
04
03
04

NNMNDNNDDNDDNDND -

.8945(5) 4 ?
.5037(7) 2 ?

.5057(8) 11_655 ?
.5164(8) 13 556 ?
.6139(6) 6_455 ?
.6889(8) 13 556 ?
.6892(8) 10 656 ?
.7110(7) 3_556 ?

Fel 3.2039(12) 13 556 2
Mn 3.2039(12) 13 556 2

_geom_angle atom site label 1
_geom_angle atom site label 2
_geom_angle atom site label 3
_geom_angle
_geom_angle site symmetry 1
_geom_angle site symmetry 3
_geom_angle_publ flag

ol
ol
o1
o1
o1l
02
ol
ol
02
02
ol
ol
02
02
04

Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn

o1
02
02
02
02
02
04
04
04
04
04
04
04
04
04

103.31(7) 10_656 . ?
166.18(3) 10 656 . ?
76.71(2) . . ?

76.71(2) 10_656 10 656 ?
166.18(3) . 10 _656 ?
106.64(7) . 10_656 ?
81.29(3) 10 656 4 ?
106.80(3) . 4 ?

85.47(3) . 4 2

86.93(3) 10 656 4 ?
106.80(3) 10 656 . 2
81.29(3) . . 2
86.93(3) . . ?
85.47(3) 10 656 . ?

167.26(8) 4 . 2



Ol Mn

(@]
(6]

71.23(4) 10_656 13_556 ?

Ol Mn 05 51.49(3) . 13 556 2
02 Mn 05 117.11(2) . 13 556 2

02 Mn 05 116.97(2) 10 656 13 556 ?
04 Mn 05 136.80(5) 4 13 556 ?

04 Mn 05 55.94(3) . 13 556 2

Ol Mn 05 51.49(3) 10 _656 16 ?

Ol Mn 05 71.23(4) . 16 ?

02 Mn 05 116.97(2) . 16 ?

02 Mn 05 117.11(2) 10 656 16 ?
04 Mn 05 55.94(3) 4 16 2

04 Mn 05 136.80(5) . 16 ?

05 Mn 05 80.87(4) 13_556 16 ?

Ol Mn P 24.07(2) 10_656 10 656 ?
Ol Mn P 87.21(5) . 10 656 2

02 Mn P 144.19(3) . 10 656 2

02 Mn P 96.60(2) 10 656 10 656 2
04 Mn P 68.68(3) 4 10 656 2

04 Mn P 122.39(4) . 10 656 2

05 Mn P 72.99(3) 13 556 10 656 ?
05 Mn P 27.469(15) 16 10 656 ?
Ol Mn P 87.21(5) 10 _656 . ?

Ol Mn P 24.07(2) . . ?

02 Mn P 96.60(2) . . ?

02 Mn P 144.19(3) 10 656 . ?

04 Mn P 122.39(4) 4 . ?

04 Mn P 68.68(3) . . ?

05 Mn P 27.469(15) 13 556 . ?

05 Mn P 72.99(3) 16 . ?

P Mn P 78.39(4) 10 656 . ?

Ol Mn P 150.86(3) 10 656 14 546 ?
Ol Mn P 96.24(2) . 14 546 ?

02 Mn P 20.92(2) . 14 546 ?

02 Mn P 89.33(5) 10 656 14 546 2

04 Mn P 72.41(3) 4 14 546 2

04 Mn P 97.27(4) . 14 546 ?

05 Mn P 137.495(11) 13 556 14 546 ?
05 Mn P 117.886(15) 16 14 546 2

P Mn P 140.19(2) 10 656 14 546 2
P Mn P 117.307(7) . 14 546 ?

Ol Mn P 96.24(2) 10 656 5 545 ?

Ol Mn P 150.86(3) . 5 545 2

02 Mn P 89.33(5) . 5 545 ?

02 Mn P 20.92(2) 10 _656 5 545 ?

04 Mn P 97.27(4) 4 5 545 ?

04 Mn P 72.41(3) . 5 545 ?

05 Mn P 117.886(15) 13 556 5 545 ?
05 Mn P 137.495(11) 16 5 545 ?

P Mn P 117.307(7) 10 656 5 545 ?
P Mn P 140.19(2) . 5 545 ?

P Mn P 75.34(4) 14 546 5 545 ?
03 Al 03 180.00(4) . 13 ?

03 Al 05 91.63(2) . 4 ?

03 Al 05 88.37(2) 13 4 2

03 Al 05 88.37(2) . 16 2



03
05
03
03
05
05
03
03
05
05
04
03
03
05
05
04
04
03
03
05
05
04
04

03
03
05
05
04
04

03
03
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05
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P Al Al 56.455(8) 10 _656
P Al Al 123.545(8) 6_454

Al
02
02
05
02
05
05
02
05
05
ol
02
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Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
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Al
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Al
Al
Al
Al
Al
Al

Al
Al
Al
Al
Al
Al

91.63(2) 13 16 ?
180.00(3) 4 16 ?

90.
89.
91.
88.
89
90
88.
91.

67(2)
33(2)
54(2)
46(2)

.33(2)
.67(2)

46(2)
54(2)

4 2
13 4 2
4 4 72
16 4 2

16 2
13 16 ?
4 16 ?
16 16 2

180.00(2) 4 16 ?

104.

69(2)

10_656 2

75.31(2) 13 10_656 ?
158.383(17) 4 10 _656 2
21.617(17) 16 10_656 2
74.47(2) 4 10 656 ?
105.53(2) 16 10_656 ?
75.31(2)
104.69(2) 13 6_454 2
21.617(17) 4 6_454 ?
158.383(17) 16 6_454 ?
105.53(2) 4 6_454 ?
74.47(2) 16 6_454 ?

P Al P 180.0 10 656 6 454 ?
21.068(19) . 7_455 ?
158.932(19) 13 7_455 2
75.363(12) 4 7_455 ?
104.637(12) 16 7_455 2
104.163(11) 4 7_455 ?
75.837(11) 16 7_455 ?

P Al Al 123.545(8) 10 656 7_455 ?
P Al Al 56.455(8) 6_454 7 455 ?

158.932(19)
21.068(19) 13
104.638(12) 4
75.363(12) 16

6_454 ?

) ) ) |

7
7
7
7

75.837(11) 4 7 2
104.163(11) 16 7 ?

7 ?
7 ?

Al Al 180.0 7_455 7 2
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05
05
05
ol
ol
ol
Al
Al
Al
Al
Al
Al
Al
Al

109.
109.
108.
110.
109.
109.
135.

13(4)
13(4)
93(5)
95(6)
34(4)
34(4)
33(3)

14 556 13_556 2
14 556 7_456 2
13 556 7_456 2

14 556 . ?
13 556 . ?
7_456 . ?
14 556 4 ?

26.96(3) 13 556 4 2
90.46(3) 7_456 4 ?
98.72(4)
135.33(3) 14 556 6 455 ?
90.46(3) 13 556 6_455 ?

26.96(3) 7 456 6 455 ?

98.72(4)

4 2

6_455 ?



Al P Al 67.090(15) 4 6_455 2

04 P Mn 40.056(16) 11 10 556 ?
04 P Mn 69.25(2) . 10 556 2

Fel P Mn 0.00(3) 10 556 10 556 2

P 01 Fel 120.17(3) . 10_556 2

P 01 Mn 120.17(3) . 10 556 2

Fel Ol Mn 0.00(6) 10 556 10 556 2

P 01 Mn 120.17(3) . . ?

Fel Ol Mn 102.97(6) 10 556 . ?

Mn Ol Mn 102.97(6) 10 556 . ?

P 01 05 35.26(2) . 13 556 ?

Fel 01 05 133.83(3) 10 556 13 556 2
Mn Ol 05 133.83(3) 10 556 13 556 2
Mn Ol 05 85.03(2) . 13 556 2

P 01 05 35.26(2) . 7_456 ?

Fel Ol 05 85.03(2) 10 556 7_456 2
Mn Ol 05 85.03(2) 10 556 7 456 2

Mn Ol 05 133.83(3) . 7 456 2

P
02 P 03 142.79(5) 14 556 6 455 ?
05 P 03 56.54(3) 13 556 6 455 ?
05 P 03 56.54(3) 7_456 6_455 ?
0l P 03 106.26(5) . 6_455 ?
Al P 03 33.982(8) 4 6_455 ?
Al P 03 33.982(8) 6_455 6_455 ?
02 P 04 155.914(17) 14 556 11 ?
05 P 04 94.40(4) 13 556 11 ?
05 P 04 56.23(3) 7_456 11 ?
Ol P 04 63.74(4) . 11 ?
Al P 04 67.639(18) 4 11 ?
Al P 04 35.897(11) 6_455 11 ?
03 P 04 49.311(18) 6_455 11 ?
02 P 04 155.914(17) 14 556 . ?
05 P 04 56.23(3) 13 556 . ?
05 P 04 94.40(4) 7_456 . ?
Ol P 04 63.74(4) . . ?
Al P 04 35.897(11) 4 . ?
Al P 04 67.639(18) 6_455
03 P 04 49.311(18) 6_455 . ?
04 P 04 45.753(19) 11 . ?
02 P Fel 121.48(4) 14 556 10 556 2
05 P Fel 125.48(5) 13 556 10 556 ?
05 P Fel 73.72(3) 7_456 10 556 2
0l P Fel 35.753(17) . 10 556 ?
Al P Fel 102.22(3) 4 10 _556 2
Al P Fel 68.111(14) 6_455 10 556 2
03 P Fel 89.35(2) 6_455 10 556 2
04 P Fel 40.056(16) 11 10 556 ?
04 P Fel 69.25(2) . 10 556 ?
02 P Mn 121.48(4) 14 556 10 556 ?
05 P Mn 125.48(5) 13 556 10 556 ?
05 P Mn 73.72(3) 7_456 10 556 ?
Ol P Mn 35.753(17) . 10 _556 ?
Al P Mn 102.22(3) 4 10 556 ?
Al P Mn 68.111(14) 6_455 10 556 ?
03 P Mn 89.35(2) 6_455 10 556 ?

P

P



05 01 05 59.72(2) 13 556 7_456 ?
P Ol 02 34.38(4) . 14 556 ?

Fel Ol 02 128.49(3) 10 556 14 556 2
Mn Ol 02 128.49(3) 10 556 14 556 2
Mn Ol 02 128.49(3) . 14 556 2

05 01 02 59.41(2) 13 556 14 556 ?
05 01 02 59.41(2) 7_456 14 556 ?
P Ol 02 150.06(5) . . ?

Fel 01 02 51.76(3) 10 556 . ?

Mn Ol 02 51.76(3) 10 556 . 2

Mn 01 02 51.76(3) . . ?

05 01 02 124.17(3) 13_556 . ?

05 01 02 124.17(3) 7_456 . ?

02 01 02 175.56(3) 14 556 . ?

P Ol 03 134.04(5) . . ?

Fel Ol 03 85.12(2) 10 556 . ?

Mn 01 03 85.12(2) 10 556 . ?

Mn Ol 03 85.12(2) . . ?

05 01 03 141.05(2) 13 556 . ?

05 01 03 141.05(2) 7_456

02 01 03 99.66(3) 14 556

02 01 03 75.90(3) . . ?

P Ol 04 87.62(4) . . ?

Fel Ol 04 91.65(3) 10 556 . ?

Mn Ol 04 91.65(3) 10 556 . ?

Mn Ol 04 49.534(17) . . ?

05 01 04 59.16(2) 13 556 . ?

05 01 04 85.33(2) 7_456 . ?

02 01 04 118.30(3) 14 556 . ?

02 Ol 04 65.58(2) . . ?

03 01 04 132.54(3) . . ?

P Ol 04 87.62(4) . 11 ?

Fel Ol 04 49.534(17) 10 556 11 ?
Mn Ol 04 49.534(17) 10 556 11 ?
Mn Ol 04 91.65(3) . 11 2

05 01 04 85.33(2) 13 556 11 ?

05 01 04 59.16(2) 7_456 11 ?

02 01 04 118.30(3) 14 556 11 ?
02 01 04 65.58(2) . 11 ?

03 01 04 132.54(3) . 11 ?

04 01 04 51.33(2) . 11 2

P Ol H3 125.40(8) . . ?

Fel Ol H3 90.48(4) 10 556 . ?

Mn O1 H3 90.48(4) 10 556 . ?

Mn Ol H3 90.48(4) . . ?

05 01 H3 135.34(5) 13 556 . ?

05 01 H3 135.34(5) 7_456 . ?

02 01 H3 91.03(6) 14 556 . ?

02 Ol H3 84.54(6) . . ?

03 Ol H3 8.63(6) . . ?

04 Ol H3 139.28(5) . . ?

04 Ol H3 139.28(5) 11 . ?

P 02 Mn 127.95(3) 14 546 . ?

P 02 Fel 127.95(3) 14 546 10 556 ?
Mn 02 Fel 102.52(6) . 10 556 2



P 02 Mn 127.95(3) 14 546 10 556 ?
Mn 02 Mn 102.52(6) . 10 556 2

Fel 02 Mn 0.0 10 556 10 556 2

P 02 05 35.52(2) 14 546 12 ?

Mn 02 05 148.95(3) . 12 2

Fel 02 05 94.37(2) 10 _556 12 ?

Mn 02 05 94.37(2) 10 556 12 ?

P 02 05 35.52(2) 14 546 2 554 ?

Mn 02 05 94.37(2) . 2 554 2

Fel 02 05 148.95(3) 10 556 2 554 ?
Mn 02 05 148.95(3) 10 556 2 554 ?
05 02 05 60.05(2) 12 2 554 2

P 02 Ol 34.67(4) 14 546 14 546 ?
Mn 02 Ol 124.86(3) . 14 546 ?

Fel 02 Ol 124.86(3) 10 556 14 546 ?
Mn 02 Ol 124.86(3) 10 556 14 546 2
05 02 01 59.90(2) 12 14 546 ?

05 02 01 59.90(2) 2 554 14 546 ?

P 02 Ol 163.17(5) 14 546 . ?

Mn 02 Ol 51.53(3) . . ?

Fel 02 01 51.53(3) 10 556 . ?

Mn 02 01 51.53(3) 10 556 . ?

05 02 01 133.91(3) 12 . ?

05 02 01 133.91(3) 2 554 . ?

0l 02 01 162.16(3) 14 546 . ?

P 02 04 92.56(3) 14 546 10 556 2
Mn 02 04 117.77(4) . 10 _556 ?

Fel 02 04 47.335(13) 10 556 10 556 ?
Mn 02 04 47.335(13) 10 556 10 556 2
05 02 04 57.941(17) 12 10 556 2

05 02 04 101.70(2) 2 554 10 556 ?
0l 02 04 115.02(2) 14 546 10 556 2
0l 02 04 76.16(2) . 10 556 2

P 02 04 92.56(3) 14 546 4 ?

Mn 02 04 47.335(13) . 4 2

Fel 02 04 117.77(4) 10 556 4 ?

Mn 02 04 117.77(4) 10 _556 4 ?

05 02 04 101.70(2) 12 4 ?

05 02 04 57.941(17) 2 554 4 ?

0l 02 04 115.02(2) 14 546 4 ?

0l 02 04 76.16(2) . 4 2

04 02 04 94.29(3) 10 556 4 ?

P 02 04 134.93(4) 14 546 . ?

Mn 02 04 46.604(14) . . ?

Fel 02 04 87.24(3) 10 556 . ?

Mn 02 04 87.24(3) 10 556 . ?

05 02 04 161.85(3) 12 . ?

05 02 04 122.713(15) 2 554 . ?

Ol 02 04 104.62(3) 14 546 . ?

0l 02 04 59.41(2) . . ?

04 02 04 131.34(3) 10 556 . ?

04 02 04 93.451(18) 4 . ?

Al 03 Al 137.86(4) 7_455 . ?

Al 03 05 152.73(4) 7_455 16 ?

Al 03 05 46.425(13) . 16 2



Al
Al
05
Al
Al
05
05
Al
Al
05
05
04
Al
Al
05
05
04
04
Al
Al
05
05
04
04
05
Al
Al
05
05
04
04
05
05
Al
Al
05
05
04
04
05
05
04
Al
Al
05
05
04
04
05
05
04
04
Al
Al
05

03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03

03 P 70.71(2) 7_455 6_454 ?

05
05
05
04
04
04
04
04
04
04
04
04
05
05
05
05
05
05
05
05
05
05
05
05
05
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
o1
o1
o1l
o1
o1l
o1l
o1
o1
o1l
ol

46.425(13)
152.73(4)
115.47(3)
46.918(17)
100.82(3)
109.43(3)
62.845(17)
100.82(3)
46.918(17)
62.845(17)
109.43(3)
55.63(2) 6
44.763(16)
99.17(3)
143.96(2)
91.188(16)
60.07(2) 6
86.32(2) 1
99.17(3) 7
44.763(16)
91.188(16)
143.96(2)
86.32(2) 6
60.07(2) 1
55.53(2) 1
46.213(14)
145.91(4)
152.41(3)
60.578(16)
93.131(17)
144.56(2)
61.480(17)
106.35(3)
145.91(4)
46.213(14)
60.578(16)
152.41(3)
144.56(2)
93.131(17)
106.35(3)
61.480(17)
109.08(3)
111.062(19
111.062(19
73.248(19)
73.248(19)
132.49(3)
132.49(3)
140.91(2)
140.91(2)
79.84(2) 1
79.84(2) 4

03 P 70.71(2)

03 P 115.774(18) 16 6_454 2

7_455 6_454 ?
6_454 2

16 6_454 ?

7 _455 6_454 ?
6_454 2

16 6_454 2
6_454 6_454 ?

7_455 16 2

. 16 ?
16 16 ?

6_454 16 2

454 16 2
7_455 10_556 2
10 _556 2

16 10_556 2
6_454 10 556 2

454 10 _556 ?

6 10 _556 2

455 4 ?

.42
16 4 2

6_454 4 ?
454 4 ?

6 4 2

0 556 4 ?

7_455 10_556 2
10 _556 ?

16 10_556 2
6_454 10 556 2
6_454 10 556 2

16 10_556 2
10 556 10_556 2

4 10_556 2

7_455 4 ?

.42
16 4 2

6_454 4 ?
6_454 4 ?

16 4 2

10 556 4 ?

4 42

10 556 4 ?

) 7_455
) .. ?
16 . 2
6_454

6_454
16 . 2
10_556
4 . 2
0_556

?

6_454 ?



05 03 P 115.774(18) 6_454 6_454 ?
04 03 P 65.52(2) 6_454 6_454 ?

04 03 P 65.52(2) 16 6_454 ?

05 03 P 28.532(11) 10 556 6 454 ?
05 03 P 28.532(11) 4 6_454 2

04 03 P 87.59(2) 10 556 6 454 ?
04 03 P 87.59(2) 4 6_454 ?

0l 03 P 158.14(3) . 6_454 ?

Al 03 H3 109.91(2) 7_455 . ?

Al 03 H3 109.91(2) . . ?

05 03 H3 65.85(5) 16 . ?

05 03 H3 65.85(5) 6_454 . ?

04 03 H3 118.33(10) 6_454 . ?

04 03 H3 118.33(10) 16 . ?

05 03 H3 150.17(4) 10 556 . ?

05 03 H3 150.17(5) 4 . ?

04 03 H3 89.80(7) 10 556 . ?

04 03 H3 89.80(7) 4 . ?

Ol 03 H3 17.35(11) . . ?

P 03 H3 175.49(12) 6_454 . ?
Al 04 Mn 118.03(4) 4 . ?

Al 04 04 104.163(11) 4 11 ?

Mn 04 04 102.447(10) . 11 ?

Al 04 03 43.751(13) 4 6_455 ?

Mn 04 O3 136.40(4) . 6_455 ?

04 04 03 62.185(11) 11 6_455 ?

Al 04 05 44.772(14) 4 13 556 2

Mn 04 O5 80.79(4) . 13 556 2

04 04 05 90.018(11) 11 13 556 2

03 04 05 60.08(2) 6_455 13 556 2
Al 04 05 129.67(2) 4 3 556 2

Mn 04 O5 88.78(4) . 3 556 2

04 04 05 110.701(12) 11 3_556 ?

03 04 05 134.46(3) 6_455 3 556 ?
05 04 05 158.471(18) 13 556 3_556 2
Al 04 03 43.118(15) 4 10 _656 2

Mn 04 O3 87.86(3) . 10 656 2

04 04 03 144.540(16) 11 10 656 ?
03 04 03 86.869(16) 6 455 10 656 ?
05 04 03 57.857(19) 13 556 10 656 2
05 04 03 103.26(2) 3 556 10 656 ?
Al 04 05 43.283(14) 4 . ?

Mn 04 05 145.35(2) . . ?

04 04 05 110.300(11) 11 . ?

03 04 05 57.352(17) 6_455 . ?

05 04 05 88.05(2) 13 556 . ?

05 04 05 90.02(2) 3 556 . ?

03 04 05 58.807(19) 10 656 . ?

Al 04 Ol 97.48(2) 4 . 2

Mn 04 Ol 49.17(3) . . 2

04 04 01 64.335(10) 11 . ?

03 04 Ol 89.71(2) 6 455 . 2

05 04 Ol 53.466(19) 13 556 . ?

05 04 01 129.87(2) 3 556 . ?

03 04 01 101.13(2) 10 656 . ?



05 04 01 139.85(3) . . ?
Al 04 02 116.55(2) 4 10 _656 ?

Mn 04 02 47.20(3) . 10 656 2

04 04 02 137.144(13) 11 10 _656 ?
03 04 02 160.20(2) 6_455 10 656 ?
05 04 02 109.13(2) 13 556 10 656 ?
05 04 02 51.508(18) 3 556 10 656 ?
03 04 02 73.471(19) 10 656 10 656 2
05 04 02 108.376(18) . 10 656 2

0l 04 02 96.29(2) . 10 656 2

Al 04 02 152.49(3) 4 . 2

Mn 04 02 46.47(3) . . ?

04 04 02 65.828(9) 11 . ?

03 04 02 126.170(17) 6_455 . ?

05 04 02 108.06(2) 13 556 . ?

05 04 02 76.86(2) 3 _556 . ?

03 04 02 134.21(2) 10 656 . ?

05 04 02 163.10(3) . . ?

0l 04 02 55.01(2) . . ?

02 04 02 71.775(14) 10 656 . ?

Al 04 H1 119.38(7) 4 . ?

Mn 04 H1 99.39(8) . . ?

04 04 H1 112.48(6) 11 . ?

03 04 H1 124.18(7) 6_455 . ?

05 04 H1 156.66(6) 13 556 . ?

05 04 H1 11.62(7) 3_556 . ?

03 04 H1 98.81(6) 10 656 . ?

05 04 H1 78.60(7) . . ?
01 04 H1 141.42(7) . . ?

02 04 H1 58.63(6) 10 656 . ?
02 04 H1 87.70(7) . . ?

Al 04 H2 107.76(11) 4

Mn 04 H2 103.60(10) . . 2

04 04 H2 5.30(11) 11 . ?
03 04 H2 64.97(10) 6_455 . ?

05 04 H2 95.31(11) 13 556 . ?
05 04 H2 105.48(11) 3_556 . ?
03 04 H2 149.16(11) 10 656 . ?

05 04 H2 110.05(10) . . ?
Ol 04 H2 68.14(10) . . ?

02 04 H2 134.69(10) 10 656 . ?
02 04 H2 64.46(10) . . ?

Hl 04 H2 107.19(13) . . ?

P 05 Al 131.43(4) 13 556 4 ?
P 05 02 35.35(3) 13 556 2 ?

Al 05 02 164.61(2) 4 2 ?

P 05 05 35.54(3) 13 556 11 655 ?

Al 05 05 104.637(12) 4 11_655 ?

02 05 05 59.974(12) 2 11 655 ?

P 05 Ol 35.40(3) 13 556 13 556 2

Al 05 01 113.18(3) 4 13 556 ?

02 05 01 60.69(3) 2 13 556 ?

05 05 01 60.141(12) 11 655 13 556 2
P 05 03 150.55(4) 13 556 6 455 ?

Al 05 03 45.203(16) 4 6_455 ?



02 05 03 149.57(2) 2 6_455 ?
05 05 03 147.735(17) 11_655 6_455 2
01 05 03 115.15(3) 13 556 6_455 ?

P 05 04 95.35(4) 13 556 13 556 ?

Al
02
05
o1
03

05
05
05
05
05

04
04
04
04
04

46.770(15) 4 13_556 2
127.74(2) 2 13_556 ?
89.982(11) 11_655 13 556 2
67.37(2) 13_556 13 556 ?
61.56(2) 6_455 13 556 ?

P 05 03 94.92(3) 13 _556 10_656 ?

Al
02
05
o1
03
04

05
05
05
05
05
05

03
03
03
03
03
03

43.609(13) 4 10_656 ?
121.353(18) 2 10_656 ?
62.233(11) 11_655 10 _656 2
98.13(2) 13 556 10_656 ?
88.812(16) 6_455 10 656 ?
59.86(2) 13 556 10 656 ?

P 05 04 104.87(4) 13 556 3_556 2

Al
02
05
o1
03
04
03

05
05
05
05
05
05
05

04
04
04
04
04
04
04

118.77(2) 4 3_556 2
70.55(2) 2 3_556 ?
110.701(12) 11_655 3_556 ?
127.56(3) 13 556 3 556 ?
96.94(2) 6_455 3 556 ?
158.505(17) 13_556 3_556 ?
124.10(3) 10_656 3 556 ?

P 05 04 144.77(3) 13_556 . ?

Al
02
05
o1
03
04
03
04

05
05
05
05
05
05
05
05

04
04
04
04
04
04
04
04

P 05 Fel

Al
02
05
o1
03
04
03
04
04

05
05
05
05
05
05
05
05
05

Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel

45.176(14) 4 . ?

136.61(3) 2 . ?

110.300(11) 11_655 . 2

156.11(3) 13 556 . ?

59.804(19) 6 455 . ?

91.95(2) 13 556 . ?

59.713(17) 10 _656 . ?

75.78(2) 3_556 . ?

78.81(3) 13 556 13 556 ?
85.44(2) 4 13 556 2
96.37(3) 2 13 556 ?
98.593(7) 11_655 13 556 2
43.481(15) 13 556 13 556 2
71.81(2) 6_455 13 556 ?
43.27(2) 13_556 13 556 ?
101.04(3) 10 656 13 556 ?
133.62(2) 3 556 13 556 2
126.85(2) . 13 556 2

P 05 Mn 78.81(3) 13 556 13_556 2

Al
02
05
o1
03
04
03
04
04

05
05
05
05
05
05
05
05
05

Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn

85.44(2) 4 13 556 ?
96.37(3) 2 13 556 2
98.593(7) 11_655 13_556 2
43.481(15) 13 556 13 556 2
71.81(2) 6_455 13 556 ?
43.27(2) 13_556 13 556 ?
101.04(3) 10 656 13 556 ?
133.62(2) 3_556 13 556 ?
126.85(2) . 13 556 2

Fel 05 Mn 0.0 13 556 13 556 2



_diffrn measured_fraction_theta max 0.673

_diffrn reflns_theta_ full 45.55
_diffrn measured_fraction_theta_ full 0.673
_refine diff density max 0.615
_refine diff density min -0.596

_refine diff density rms 0.150



