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Abstract

Pinakiolite, Mg2+; ¢sMn2to, oMnd+; 00AlR*y s Festo 0aMntto 660:[BOs), Z = 8, a 21.79(1) A,
b 5.977(5) A, ¢ 5.341(5) A, space group C2/m, is an ordered derivative of the hulsite structure. Jahn-
Teller distortions of each of the three non-equivalent Mné*-Os octahiedra result in four equatorial
distances ranging from 1.92 to 1.96 A and two apical distances ranging from 2.23 to 2.26 A.

Warwickite, Mg?*, s5Al* o ;1 Fet+o 1, Titt 3 O[BOg, Z = 4, a 9.197(7) A, b 9.358(9) A, ¢ 3.085(2)
A, space group Pnam, exhibits preferential occupancy of Tit* in the M(1) position. The proposed
distributions are M(1) = 0.50 Mg2* + 0.12 ABt + 0.04 Fe3* + 0.34 Ti** and M(2) = 0.83 Mg?+
+ 0.09 AP+ + 0.08 Fes+,

Wightmanite, Mg*(O)XOH){{BO;]- ~2H,0, Z = 4, a 13.46(2) A, b 3.102(5) A, ¢ 18.17(2) A, 8
91.60(5)°, space group 12/m, is an octahedral framework structure with large open channels. Two
symmetry-independent sets of “bundles” occur in the structure where six Mg?* coordinate to one
O?. This average viMg-70 2.17 A distance is 0.06 A greater than that foung in MgO. A model of
local cation-cation repulsion dependent on structure topology is advanced to explain this increase
in average distarice: -

1t is proposed. that the kinds of octahedral cations distributed over the sites are dictated by mini-
mization of averdge Jocal deviations from electrostatic neutrality and thé locations of the shared
edges both parallel and perpendicular to the fiber repeat.

gntro(iiicﬁon
Pinakiolite, warwickite, and wightmanite belong
to a large family of structures herein named the
“3 A fiber axis wallpaper structures.” They are de-
fined by the following properties:

1. No non-identical atoms overlap down the 3 A
projection,

2. the anions, and the anions only, of the idealized
structures reside on the vertices of the regular
triangular net,

3. the connectivity of each atom in the real struc-
ture is the same as that of the ideal structure,
and

4. a cation occurs at the triangular centers (tri-
angular coordination) or at the mid-point of
a rhombus of two edge-sharing triangles (octa-
hedral coordination).

Property 1 reduces the problem to a two dimensional
map. Property 2 defines the basis vectors for gen-
erating the cells of the idealized structures. Property
3 defines continuous distortions of the structures
into a mapping on the regular net (3,6), the net of
equilateral triangles, six of which meet at each ver-
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tex. Property 4 provides the combinatorial aspect
of the problem. Since occupied rhombuses and tri-
angles can join only according to certain rules and
since some triégéies are empty, the problem involves
generations of patterns over the triangular net.

A large ntimber of compounds, belong to this
family. Included are periclase, MgO (down [110]);
diaspore, AIQ(OH); brucite, Mg(OH).; rutile,
TiO.; maiachite, Cuo(OH),[COs;]; sussexite, Mn*s
(OH){B,0,(OH)]; ludwigite, Mg,Fe*'0.[BOs]; ga-
geite, Mn?"7(0) (OH)z(in part); fluoborite, Mgs
(OH,F)3{BO;]; and many other more complicated
structures.

Crystallochemically, the structures consist of in-
finite cblumns of edge-sharing octahedra where the
octahedral edge and the column direction are the
fiber axis repeat distance. Laterally, these columns
may link by edge-sharing to other octahedral col-
umns to form walls, bundles, rings, sheets, etc. In
addition, triangular groups such as [BOsJ?-, [COsl,
etc, may link, with their planes normal to the fiber
repeat, to the octahedral columns. Everywhere, the
repeat distance is the octahedral edge: they are called
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TaBLE 1. Pinakiolite. Chemical Analyses as Elemental

Percentages
PINAKIOLITE WARWICKITE
1 2 3 4 5 i)

Ca 0.3 0.8 - 0.2 - =
Mg 21.1 17.7 20.7 23.7 21,5 23.8
Mn 32.7 36.5 32.0 <0,1 - -
Al 0.7 - 0.7 4.1 1.5 4.1
Fe 0.6 1.5 0.6 50] 10.4 5.0
Ti 0.1 - - 12.2 14,9 12,2
B 5.0 5.4 6.6 8.0
0 37.8 39.8 4.6 7.1
1. Electron probe analysis. A. J. Irving, analyst.
2, Flink (1890), recomputed as elements. Includes Pb 0.7%.

s 2+ 2+ 3+ 3+ 3+ L+
3. For composition Mg ety oMy ooAly psFen, o2y, 060208051
4, Eléctron probe analysis. A, J, Irving analyst,
5, Bradley (1909), recomputed as elements. Includes Si 0,6%.
6. For composition Mgi+33A18+21Feg+121?i3+3u0[303].

the 3 A fiber axis structures because, in systems with
oxide and hydroxyl anions, this distance approxi-
mately obtains. Because of the two-dimensional
properties of their structures, they are like wallpaper
designs.

Pinakiolite is of interest because it contains
Mn?**-O octahedra which show Jahn-Teller distortion.
It is also an ordered derivative structure of hulsite,
a compound which does not exhibit this polyhedral
distortion due to a more isotropic electronic dis-
tribution for its cations. Wightmanite, a very com-
plex structure with large channels, contains octa-
hedral bundles or blocks of the periclase structure.
We want to know how these bundles distort as a
result of cation-cation repulsions. Warwickite,
Mg(Mgo 5Tiy5)[BO;], belongs to a structure type
where some compositions have ferromagnetic prop-
erties and affords a study into the unusual Mg?*-Ti**
solid solutions.

Pinakiolite, warwickite, and wightmanite each pre-
sent special problems, and we have elected to outline
this study with discussion on each individual fol-
lowed by a general discussion and conclusions appro-
priate to furthering of our knowledge for the entire
family. The general problems of the combinatorial
relationships of the 3 A structures shall be offered by
P.B.M. elsewhere.

Chemical Cempositions

Warwickite was analyzed by Bradley (1909), but
it is uncertain if his elimination of some cations as
spinel impurities was warranted. Pinakiolite was
analyzed by Flink (1890), but his interpretation of
valence states of cations can hardly apply. In addi-
tion, we were not certain if our crystals corresponded

to the same assemblage of these earlier studies. Ac-
cordingly, both the pinakiolite and warwickite in this
study were analyzed by electron microprobe, We
thank Dr. A. J. Irving, who performed analyses on
these compounds utilizing synthetic ilmenite (Ti),
anorthite (Al), olivine (Mg and Fe), and rhodonite
(Mn) as standards. Dr. Irving informed us that both
the pinakiolite and warwickite crystals were homo-
geneous throughout.

Results of the analyses for pinakiolite and war-
wickite and their older wet chemical analyses are
provided in Table 1. To assess the nature of the
valence states, we assumed that warwickite possessed
filled sites, as suggested by the structure analysis, and
that the compound has a cell formula 4Me,O[BO;].
For pinakiolite with completely filled sites, the cell
formula would be 8Me;0,[BO;] but in this com-
pound we found evidence for the existence of some
partially occupied sites and elected the stoichiometry
8M 4002[BO3]. An assumption was made: that the
Mn(1), Mn(2), and Mn(3) sites were fully oc-
cupied by Mn** and that the remaining Mn possessed
valence states Mn** and Mn*" to exactly balance
charge in the crystal. The site refinement and inter-
atomic distance calculations supported these assump-
tions. In addition, the evidence for Jahn-Teller dis-
tortion appears only for the Mn(1), Mn(2), and
Mn(3) positions. In both compounds, we did not
find evidence against completely occupied O* and
B#** positions, so assumed full occupancy for these
jons.

Objections may be raised that we propose a
pinakiolite formula with manganese in three states
of oxidation in the same crystal. In the ensuing more
detailed discussion based on bond distances and site
population refinements, the existence of Mn* is
definitely established and almost certainly Mn*".
Three valence states—Mn?*, Mn?*, and Mn*—have
been established by our preliminary studies on lang-
banite. Although we have no conclusive external
evidence that Fe®' is the correct valence state in
warwickite, this state not only more favorably agrees
with charge balance but also appears to be cor-
roborated by the interatomic distances.

The structure cell data and the cell contents in
Table 2a (pinakiolite) and Table 2b (warwickite)
agree fairly well with the results of the earlier mea-
sured specific gravities of the minerals. The observed
mean indices of refraction are in good agreement
with the calculated value based on the Gladstone-
Dale relationship and the specific refractive energies
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TaBLE 2a. Pinakiolite. Structure Cell Parameters
1 2 3
a) 21.79(1) 21.80 10.684(3)
b(a) 5.977(5) 5,98 3.099(1)
eE®) 5.3u41(5) 5.36 5.438(2)
] 95,839(5) 95,75 94,14 (3)
space group C2/m - P2/m, P2
spacific gravity 3,.88% - 1,5 « 4.6
2+ 2+ 3+ 3+ 3+ U+ 2+ 2+ . 3+ o U+
formula Mg] 6gMnG | 0oM . 0oPLo . 0sF C0. 02, 06020 B03) (Fe™", Mg, Fe™,8n ") 30,[B0,]
density (gm em'3) 3.79
* 2+ 2+ 3+ +2.53
formula Cag_ou¥ey sgFep 06" , 4y O2[B03]
density (gm cm'3)1' 4,09
Z 8 8 2

l‘l‘his study.

2pakéuchi et al. (1950), a 5.36 &, b 5.98, ¢ 12.73, B 120°34’, transformed by 102/010/100,

ZHulsite, ~Clark (1965).
Flink (1890).

His analysis has been computed to T oxygen = 5.00

"Based on Flink's composition and the cell data of this study.

in Larsen and Berman (1934): <n> 4 = 2.01 and
<A>cae = 1.97 for pinakiolite and <n>g = 1.82
and <n>. = 1.85 for warwickite. Such con-
sistencies for these complex oxides further sub-
stantiate our proposed formulae.

Pinakiolite

Experimental

A single crystal of pinakiolite was selected from a
sample collected at Langban, Sweden, by P.B.M. It
shows the characteristic tabular aspect of the de-
velopment from which its name was derived. Single
crystal investigation by precession photography re-
vealed a larger C-centered cell compared to the
primitive cell reported by Takéuchi, Watanabe, and
Ito (1950). We provide results of this study in Table
2a and compare the Takéuchi cell.

The crystal, measuring 0.15 x 0.11 x (.22 mm
(b-axis = prism direction), was prepared for the
PAILRED automated diffractometer utilizing graphite
monochromator, MoKe radiation, b-axis rotation.
Reflections up to 26 = 65° of the k = 0- to 8-levels
were gathered with a scan rate of 2.5°/minute, half-
angle scan of 1.8°, and background counts for 20
seconds on each side of the peak. One-thousand two-
hundred and ninety-five independent reflections were
processed to obtain F(obs); with p = 57.7 cm™,

using a polyhedral absorption correction by the
Gaussian integral method (Burnham, 1966).

Three-dimensional Patterson synthesis followed by
a trial B-general synthesis (Ramachandran and Srini-
vasan, 1970) provided the positions of all atoms. At
this stage, it was necessary to select scattering curves
for cation site refinements since the electron density
distributions indicated some sites involved mixed
occupancies. Our curves for Mn®*, Mn*, Mg*, and
O derive from the tables of Cromer and Mann
(1968) and for B** from Onken and Fischer (1968).
Anomalous dispersion effects for Mn and Mg were
included in the refinement.

TABLE 2b. Warwickite. Structure Cell Parameters

1 2
a(d) 9.197(7) 9.20
b@®) 9,358(9) 9.us
c@) 3.085(2) 3,01
space group Pnam

24 L3+ o 3+ U4
IR Mn] 7358157 51Feq 1oTdg), 3400805)
specific gravitg* 3,35 ¥ 0.0%
density (gm em™-) 3.u02
zZ i

1Thi§ study.
Takéuchi et al. (1950).
Bradley (1909).
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TaBLe 3. Dependence of R(4kl) on F(hkl) for Pinakiolite, Warwickite, and Wightmanite
PINAKIOLITE WARWICKITE WIGHIMANITE

E(hkl) Number R(hkl) F (hkl) Number R (hkl) F (hkl) Number  R(hkl)

Above 0.0 1288 0.089 Above 0.0 652 0.071 Above 0,0 1880 0,131

i 7.0 986 0,074 u 5.8 403 0,052 " 4.1 1650 0,118

u 20.9 689 0.060 T 11,6 229 0,047 ] 2.4 1162 0,087

" 41.9 344 0.0uy ™ 19,2 106 0,004 " 24,8 536 0,051

1 69.8 151 0,040 L 41.3 221 0.043
Refinement tively. The isotropic thermal vibration parameter,

We included 1288 independent reflections through-
out refinement. Seven were omitted from refinement
because of asymmetrical backgrounds. It was neces-
sary to vary the occupancies of all sites containing
the Mg®* cations since their electron densities on the
¥"-synthesis did not indicate completely occupied or
pure Mg*" sites. The Mn** sites, on the other hand,
appeared completely occupied and afforded no evi-
dence for the presence of other substituents.

Occupancy refinements are very sensitive to the

- difference between the two scattering curves. For
species with similar curves, such as Mg and Al, the
occupancy refinement is of little value but, in pina-
kiolite and warwickite, we consider differences be-
tween Mn and Mg and between Ti and Mg, respec-

B,, takes on a different meaning: it combines the
displacement from the centroid position due to
thermal motion and displacements associated with
bonds to the different cations occupying the site. In
effect, B is an averaged residency parameter.
Least-squares full-matrix site multiplicity and
mixed-scattering-curve refinement for Mg(1) through
Mg(4), and atomic coordinate parameter and iso-
tropic thermal vibration parameter refinements for
all atoms converged to the distributions in R(kkl)
as listed in Table 3a, with the final atom parameters
in Table 4a. Table 5a provides the structure factor
data. As interpreted, Mn(1) = Mn(2) = Mn(3) =
Mn?*; Mg(1) = 0.81 Mg?" + 0.19 Hole; Mg(2) =
0.77 Mg* + 0.23 Hole; Mg(3) = 0.84 Mg>' + 0.16

TABLE 4a. Pinakiolite. Site Multiplicities, Scattering Curves, Atomic Coordinates and Isotropic Thermal Vibration Parameters*

Site 5
Atom  Multiplicity Scattering Curves X y z 342
Mn (1) 2 1.00 Mng:_ 0.5000 0.5000 0.0000 0.73(W)
Mn(2) 2 1.00 Mn37 .5000 .5000 .500 .70(3)
Mn(3) ! 1.00 Mn .2503(1) .0000 J993(2) .57(2)
Mg (1) 2 0.83(3)Mg§1 + 0,19 Hole .5000 .0000 .0000 1.95(17)
Mg (2) 2 0.77(3)Mg,, + 0.23 Hole, .5000 .0000 .5000 2.06 (18)
Mg (3) 4 0.84(1)Mg;  + 0.16(2)Mn .2500 .2500 .0000 .60 (6)
Mg (¥ 8 0.99 (1)Mg"" + 0.0L(L)Fe™ 7 .3869(1) .2497(3) .7072(3)  .6u4(5)
B(1) 4 L1344 () L0000 .8055(15) .57(10)
B(2) 4 .3692(W) ,0000 .1986(17) .85(11)
0(1) 4 .3972(3) .5000 -.0162(11) .73(8)
0(2) 4 .3959(3) .5000 Lu3u4(11)  .65(8)
0(3) b .1980(3) .0000 .8332(10) .74(7)
0w 4 .u01u(3) .0000 -.0166(12) 1.02(9)
0(5) 4 .4002(3) .0000 U397 (12)  S94(9)
0(6) 4 .3058(3) .0000 L1713(11) .89(8)
0(7) 8 .5138(2) .,2755(6) .2556(7)  .92(6)
0(8) 8 .2037(2) .2502(6) .6775(7)  .76(6)

%
Estimated standard errors refer to the last digit.
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TaBLE 4b. Warwickite. Site Multiplicities, Scattering Curves, Atomic Coordinates and Isotropic Thermal Vibration Parameters*

Atom Multiplicity Scattering Curves - y z B2
M(1) U 0.62(2)Mg§i + 0.38(2)Ti”+ 0.1149(1) 0.5695(1) 1/4 0.72(3)
M(2) 4 0.96()Mg™ + 0.04(13Ti”+ .1032(1) .1899(1) 1/4 0.44(3)
B 4 L1673 (W) .8753(4) /4  0.66(4W)
o) b .0206(3) .8653(3) /4  1.07(W)
0(2) i .2488(3) .7507(3) 1/4 1.01L(W
0(3) 4 .2353(3) .0074(3) /4 0.84 (W)
0w 4 .0118(3) .38u2(3) /4 0.87(W)

&
Estimated standard errors refer to the last

digit.

Mn*; and Mg(4) = 0.99 Mg + 0.01 Mn*". Our
selection of Mn*" as the substituent cation derives
from the average polyhedral interatomic distances
discussed further on. The existence of partial oc-
cupancy for Mg(1) and Mg(2) conforms with the
polyhedral interatomic averages for these sites, the
discussion of which is deferred to a later section.
Based on the probe analysis of the pinakiolite, the
cell contents are Mg?* ; 0aMn**g Mn®* 5 0AL* o 40

Fe®* o 1sMn*"o.45Bs.00010.00. Our proposed site distri-
butions in the refinement lead to Mg** |, ,(Hole)*"y 54
Mn®* 5 0oMn*"o.72Bs.00040.00. It is impossible to pro-
pose distributions for the minor cations with any
certitude. In the case of Mn®*, we find little evidence
for its concentration at any particular site and con-
clude that it probably occurs distributed over the
positions containing predominant Mg**. For the
ensuing discussions, we shall consider the limiting

TasLE 4c. Wightmanite. Parameters for the Ellipsoids of Vibration*

F 2 2
Atom i My 0.0 T . B2 Atom i By 0ia 851 8, BAR9
non-
Mg (L) positive definite 0.52(3) 0(3) 1 0.109 12 90 80  0.81(5)
2 0.091 102 90 10
3 0.103 90 1380 90
Mg(2) L 0.101 147° 90°  55°  0,75(3) ow 1 0.110 58 30 34 0.79(5)
2 0,094 90 0 90 2 0.091 148 90 56
5} 0.096 123 90 145 3 0.098 90 180 90
Mg (3) 1 0,104 170 90 79 0.70(3) 0(5) 1 0.101 34 90 58 0.71(5)
2 0,089 90 0 a0 2 0.084 123 90 32
3 0,089 100 90 169 3 0.098 90 180 90
Mg (4) 1 0.102 3 90 89 0.75(3) OH(1) 1 0.129 90 0 90 1.11(6)
2 0.051 93 90 1 2 0.100 R 30 78
3 0,098 90 180 90 3 0.124 76 90 168
Mg (5) 1 0.092 119 90 27 0.52(3) OH(2) 1 0,117 iy 90 48 0.74(5)
2 0.073 29 90 63 2 0,078 134 90 42
3 0.076 90 180 90 3 0.092 90 180 90
B 1 0.121 85 90 i 0.80(7) OH(3) I 0.125 90 0 90 1.05(6)
2 0.071 90 0 90 2 0.099 155 90 63
3 0,104 5 90 97 3 0.121 115 90 153
0(1) 1 0,131 90 0 380 1.13(8) OH(W) 1 0.126 150 90 58 0.95(5)
2 0.098 101 90 9 2 0,098 90 0 90
3 0.127 169 a0 99 3 0.102 120 90 148
0(2) 1 0.1u43 175 g0 8t 1.27(9) OH(5) a5 0.108 90 0 90 0.86(6)
2 0.096 85 90 6 2 0.098 83 90 8
3 0.137 90 180 90 3 0.107 7 90 98
i = ith principal axis; g, = ™ms amplitude; 6. _, e.b, 6. = angles between ith principal axis and the cell axes
a, b and c. B ia® “d do
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TABLE 5a. Structure Factors for Pinakiolite
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composition Mg*",;Mn®*;B;0,, with the exception
of the evidence for minor Mn** in the Mg(3) position
on the basis of interatomic averages.

Topology of the Structure

The crystal structure of pinakiolite was approxi-
mately solved by Takéuchi, Watanabe, and Ito
(1950), but since we discovered different cell and
Space group, we proceeded as if the structure were
unknown. Toplogically, our structure agrees with
that of Takéuchi, Watanabe, and Ito (1950), and
the seeming contradiction of two non-equivalent cells
leading to the same gross structural features can be
more appreciated if we note the interesting observa-

tion that pinakiolite is the ordered derivative of the
hulsite structure. Drs. Judith Konnert and Joan
Clark kindly informed us of their structure analysis
on hulsite and provided a sketch of its structure. The
geometrically idealized hulsite structure appears in
Figure la where the occupied octahedra and tri-
angles are appropriately shaded over the tessellation
of equilateral triangles. In general, hulsite chemistry
is M*;(M?*"#+)0,[BO;3], analogous to pinakiolite.
The hulsite structure (and that of pinakiolite) con-
sists of zig-zag chains of octahedra with a “zig” (or
“zag”) comprised of a band three octahedra in width
formed by shared edges. The termini of these zig-zag
chains fuse by corner-sharing to a sheet of octahedra
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of brucite topology. The [BO;]*- triangles fuse by
corner-sharing to the zig-zag chains and the sheets.

The hulsite cell of Clark (1965) in Table 2a is
related to that of pinakiolite. We illustrate the rela-
tionships between hulsite, pinakiolite, and the
Takéuchi cell for the latter mineral as symmetry dia-
grams (Fig. 2). Ordering of atoms in the hulsite
structure to form pinakiolite first proceeds via a
doubling of the 3 A fiber repeat axis, b. By ordering
different atomic species along the fiber direction in
an alternating fashion, two-fold rotors in hulsite
(Fig. 2b) become 2;-screws (Fig. 2a) and it is pos-
sible to obtain the Takéuchi cell. Our pinakiolite cell,
however, involves a doubling of the g-axis as well.
Since many moderate to strong reflections in Table
5a involve odd H, we conclude that the data of
Takéuchi, Watanabe, and Ito (1950) represent a
subset of the full pinakiolite data.

We note from Table 5a that for (H, K, L) = 2N
+ 1, the structure factors are nearly zero. Define
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Cm4+1)=H 2n+1)=K,and 2p+ 1) =L,
where (m,n,p) are integers. The structure factor for
C2/m can be written 8 cos 2 «[(2m + 1)x +
(2p + 1)zlcos 2 =(2n + 1)y. Noting that y = 0,
1/2; and y = 1/4 (for Mg(4), O(7), and O(R)),
the sine-cosine product terms are very nearly zero
and the structure factor can be reduced to 8 cos 2
x(2m + 1)x cos 2 z(2n + 1)y cos 2 =(2p + 1)z
s 0. For y = 1/4, the Mg(3), Mg(4), O(7), and
O(8) contributions are very nearly zero. With x =
1/4, the Mn(3) contribution is very nearly zero.
Mn(1), Mn(2), Mg(1), and Mg(2) are related
pairwise by (x, ¥, z; X, ¥, 1/2 + z) and exactly
cancel. We are left with the pairs B(1), B(2); O(1),
0(4); 0(2), O(5); and O(3), O(6) which are
very nearly related by (x, ¥, z; x, 1/2 + y, z) and
very nearly cancel, The existence of perceptible in-
tensities for (H, K, L) = 2N + 1 is a consequence
of slight deviations from these identities.
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Structure Factors for Warwickite

TABLE 5b.
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Interatomic Distarices and Angles

Ordering in Pinakiolite

io-

k

hat the ordered structure

We believe t
lite obtains from the Jahn-Teller di

Table 6a provides interatomic distances and
angles in pinakiolite. The estimated standard errors
in bond distances for all three structures include only

in pina
istortion an

asymmetry of charge distribution about Mn?**, Figure
3a presents a sketch of the polyhedra in pinakiolite

at the level bounded by 0

d

dinate parameters, not the

mic coor

to
11 parameters. The Mn*-O octahedra are

€ITOIsS In a

€ITors 11 Cce.

y < 1/2. We note that

=

ds, the tetragonal aspect of

ipyrami

elongate square b

the Mn*-O octahedra in the zig-zag chain form an

edge

ma

from the d* electrons i

ion arising

the distort

-sharing chain which runs parallel to ¢. Above

t. Such a distortion affords four

equatorial distances ranging from 1.92 A to 1.96 A
and two apical distances from 2.23 to 2.26 A. In the

ing Mg-O  spin arrangemen

ted edge-shar

ilarly orien

in is a simi

this cha

chain to which it shares edges. The sheet fraction of
the structure consists of alternate columns of Mn®-O

octahedra

2Mn* (OH)4[AsO,],

Ive two 1.80 A, two 1.91 A, and

mvo

o

crystal structure of flinkite, Mn?

these distances

and Mg-O octahedra

(Mn(3)-0)

(Mg(4)-0), the axes of columns being the 2,-screw

axes.

two 2.29 A separations (Moore, 1967).



B 0 0 e P e P B Pt R 1 o e e e - DS B O B O DS G 0SB

S e

PR S S e L e R L A U R

T N T TP o P o

P s R I S g e N R L S T R

P - e L L

T e L o

B (-1 ST R

3
5
7
9
)
2
4
3
5
7
5

PINAKIOLITE, WARWICKITE, AND WIGHTMANITE

TABLE 5c.
L FOD FC
o Sl. 988
2 13,8 1.3
1% Feal B.b
ib W & Al
. 4.8 =10.0
FL] 1521 -20.7
AE 9.0 1%
4 2haE 5.2
s F13 Va4
[} LIS 3.6
3 5.1 .
5 ER TN
T TR B L )
L3

e - - T e

e e e T L L

e e MOSSDECSeUDO0OCEP ORI CE4N000 00RO E00aNelEEerRcoRDoc0oR00ROOROREanEEaa

e e T e

Structure Factors for Wightmanite

N

=0

U U A U R 3 B el el i 0 R R P R i e B e e B

P e s L L

3

Ti.5

e ek Bt e 1 B o e 5 8 e s e e e b

8

Fa

erhbr e ENE WG

P
SRR S A S L

Slopompwy

-92.4

i
i
i
]
i
1
}
1
i
i
L

L
1
1
i
1
L
1
I
Il
1
1
1
b
i
L
i
1
¥
i
I
1
1
i
i
1
L
1
I
1

P o B B B 0 i e e

-4

ot

o L = o AP PR

B T LT L ey

DB OVO DB D00 0D DD DD DB D® G~ s

0 0 R g T B B 0 0 0 50 8 o o P e

1o P o ot o o o 0 0 0 0 B o B B

P L P o P T I B

993

-5 i
23.0 -23.%



994

P. B. MOORE, AND T. ARAKI

TaABLE 5c, Continued.
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To evaluate the range of values for the MgO
octahedra, we have elected 2.08 A as the grand
Mg-O average and have obtained this value from five
independent octahedra in the structure of wight-
manite discussed further on. For pinakiolite, the
Mg(1)-0 2.14 A and Mg(2)-0 2.15 A averages are
considerably larger than this value. This is consistent

fa FC oKL fa fc WooKL o Fe HoxoL 0 Fc
3 2 s 0 0.8 1203
3 2 s 2 58 ez e -
E Z 4 4 134 -13.5 e & 5
! 2 & 6 156 -1léie ek
i 2 4 8 Bl 2.4
H z & 10 7.3 7. T
s 2 4 12 198 22.0 -
£ 2 4 14 1m0 152
= 3 04 1 ai3 -sll 8. ® 13
: 3 08 3 15 b2 ¥ o=
3 3 & 5 14.8 -12.3 £ 3 ¢
i 3 4 7 7.9 9.4 Al & 8
< 3 a4 9 0.6 -4.2 L 5 10
3 3 4 11 29.1 216 E, o 12
3 3 4 13 25.8  26.4 e ¥ L
3 4 % o© 9.3 ~f.b -
H 4 & 2 5.3 =37 4y B 5
H 4 4 4 3701 =369 ¥ 2
B 4 4 6 2.7 8.8 2. 4 9
4 4 4 8 25.0 -23.4 o & L1
3 4 & 10 10.6  14.0 4 813
g 4 4 12 3.6 -5 3 % 0
X 4 & 14 16.8 -13.0 3£ 2
: 5 & L %1 7.3
L 5 4 3 19.3 -17.3 poE e
3 5 4 5 217 198 1 4.
i 5 4 7 103 -10.5 2 &0
F 5 4 9 3.5 6.2 L 12
' 5 4 11 23.2 ~2l.5 -
- 5 4 13 15,4 -18.4 - T
H & 4 0 9.4 14w - FE 5 35 pos
: - o5 7 82 -als
2 & 4 4 3.8 6.8 qo Eoas 9l -7
: 6 s & 12.3 -10.7 2 opfpr L3y g
4 6 & 8 146 31 LA -4 G0 I 0-0)
; 6 % 10 17.9  16.6 3 EBJ0 BT =9
H 6 4 12 28,0 26.9 387 2 19.7 -lg.e
3 704 1 elo els 305 4 ey 104
: Tow 3 1a.e -18.0 5 3 6 33 e
1 7 s+ 5 1.5 -l1.9 5 % 8 8.3 -z.5
pi 7 & 7 100 -0.3 48 10 lote  -4.2
: 7 s 9 2000 21.1 2 0§ 12 e -2
] 7 a1l 8.5 -e.2 & 4 1 a1l a7
! B 4 0 10,2 3.6 &5 3 lele 16wl
: 6 4 2 35 3.0 P 2
;: B 4 4 15.7 2041 & 87
H B & & 4.5 9.4 6 b e
3 8 4 & 2.2 23 £ 5 1
x 8 4 10 2400 20.3 T3 o
3 9 A 1 235 -z2.2 15 2
3 9 a3 363 -3l 75 4
3 9 & 5 35,3 -31.4 [
3 9 4 7 1l 5.8 T s s
1 9 4 9 leiz 6.7 [ Y
i 10 s 0 25,1 -22.6 s
3 100 4 2 36 1.7 S
a 10 & 4 20,7 16.7
3 1o % 6 3.3 2.5 LI S
-+ 10 4 8 194 -14.2 ooy 7
3 -1 & 3 7.1 -9.0 - R S
3 Sl & 5 4.8 -4.3 3 3 0
3 -1 & 7 33.5 -32.9 -
3 -1 & 9 34,1 -3l.8 il o]
2 Sl 4 1l 7.0 -3.4 - S
% -1 & 13 2108 3 3
=t - 418 8.4 4
3 22 w2 el B 4
¥ -2 & 4 16.0 5 e
H -2 & & 57 3 B
» -2 & B 28.0 B Lo
- -2 4 10 3 12
’ -z s 12 * Mg
3 s .1 5ol
3 a1 5 3
2 - 3 EY 5
3l T . s 5 7
5 “« 7 P
318 . 9
ERRT . 11 51l
319 “ 13 b1
32 « 15 52
4 w2 Fa
36 RS i 6
ER e FE
il 4 8 5 10
3z
4 10 12
R H
3 i 4 12 £ 1
1 B 5 14 33
3 s rd 5
- . 3 2 7
E- L T
5 B - 51
: [ R 9 3 13
5 4 Ll 3 2
s 2 « 12 8.
3 15 x, 2 3 8
iz . S 36
3 17 - 5 10
: 4 8
Y 4 10 3 n2
- “ 12 g 1
x o W 14
312 3 1 I
) 2 .
3 1e 3 H
ER) { 5 11
Lo 3 2 : 2z
i P % B
s 10 » 12 : H
4 12 1 2 10
4 14 : 4 30
« le T ¢ T3
“« 3 * 8 -
x PY £ 3
& 2 4 12 ;
& 9 & 1 3 Z
P s B i
s 13 r 2 ;.
“ 15 5 7 ?

with the partial occupancy at these sites. Partially
occupied sites should have interatomic averages
larger than completely occupied sites since the aver-
age Me-O polyhedral bond strength is lower.

The Mg(3)-O 2.05 A average is lower than the
Mg-O grand average which is taken as evidence of
our proposed site distribution 0.84 Mg** 4 0.16 Mn**,
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In fact, computing the quantity of Mn*" (= x)
from grand octahedral averages gives X = [(dmg:+-0)
— (due3)-0))/[([@ug2+-0) — (Buns+-0)] = (208 —
2.05)/(2.08 — 1.94) = 0.21 where dy,.+_o Obtains
from the tables of Shannon and Prewitt (1969). In
the structure of warwickite, we shall confirm the
, Ti*") over a set of equivalent
2+’ M e4+)

solid solution (Mg**
sites which supports the existence of (Me
solutions in such compounds.

The octahedral O-O’ edge distances and O-Me-O’
angles obtain from (1) the geometry arising from
the Jahn-Teller distortion of Mn®*, (2) the existence
of shared edges with no symmetry constraints, and
(3) the existence of symmetry-constrained shared
edges. In general, we shall analyze the polyhedral
distortions by examining the following regions: (a)
the shared O-O’ equatorial edges for Mn®*; (b) the
shared remaining edges, or the “elongate edges” for
Mn3*; (c) the edges constrained by the fiber repeat,
that is those shared edges parallel to the fiber axis.

Of these three kinds of shared edges, we find the
third most interesting for all three structures, for it
is these fiber-repeat edge distances which seemingly
violate the expected electrostatic distortions owing
to the constraints of the repeat distance.

Table 6a lists the Mn-O, Mg-O, and B-O poly-
hedral distances in ascending values. We would ex-
pect shared edges between Mn*-Mn®* (equatorial)

*\\\\\\\\\\\\\“&@“

= _s_x\\
AR \\A=fAVAV ”///W///ﬁ,

_ v&v\\\\\\\\\ T
S \(\\\\\\\\\\Wg
N,
AATAVAVAY LN
’//////////V\AV\A OOALY

Fic. 1. (a) Idealized arrangement of octahedral columns
(ruled) and BO; triangles (stippled) mapped on the tri-
angular tessellation for hulsite. (b) Idealized arrangement
for warwickite. (c¢) Idealized arrangement for wightmanite
from Moore and Araki (1972).

< Mn?**(equatorial)-Mg?* < Mn®*'(elongate edges)—
Mg < Mg>-Mg*. The O-Me-O’ angles associated
with the O-O’ edges increase accordingly, with the
most severe distortions taken up by the “soft” Mg-O
polyhedra as a consequence of Mn*-Mg* repul-
sions. This, in fact, is what we observe, except for
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Fi6. 2. Diagrams showing symmetry elements and cell
outlines (drawn bold) for pinakiolite and hulsite. Inversion
centers occur at the origins and centers of the cells. (a) The
cell of Takéuchi, Watanabe, and Ito (1950), with axes ax
and cr. (b) The cell of hulsite, with axes ax and cu. (c)
The cell of pinakiolite, with axes a, and c,.

the fiber repeat distances O(7)-O(7)’ associated
with Mg(1) and Mg(2). The fiber repeat distances,
as Table 6a indicates, are the longest edges for their
polyhedra. In part, these long shared edges arise
from the shortening of the edge-sharing Mn** octa-
hedra along the fiber direction. More important,
however, is the geometry of the cations about O(7):
five octahedral centers coordinate to this anion, de-

fining an octahedraon of cations with one missing
vertex. As we shall discuss under wightmanite, such
a configuration of cations about an anion results in
three-dimensional cation-cation repulsion effects with
a lengthening of a shared edge greater than the value
expected when the cationic repulsions are confined
to a line. '

Electrostatic Basis for the Pinakiolite
Ordering Scheme

The ordering scheme for pinakiolite can be ex-
plained from the electrostatic valence balances
(e.v.b.’s) of anions in Table 7a. The lengthened
Mn*-O apical distances are in the plane perpen-
dicular to the y-direction. Treating the e.v.b.’s on the
basis of regular octahedra, it is seen that O(1),
0(2), O(3), and O(6) are oversaturated by AZ =
+0.17 e.s.u. These each include one Mn**-O apical
bond. The undersaturated oxygen, O(8) with AS =
—0.34 es.u,, includes two Mn*"-O equatorial bonds.
The Jahn-Teller distortion leads, electrostatically, to
weaker-than-average bond strengths in the apical
direction and stronger-than-average bond strengths
in the equatorial direction. O(7), which is “neutral,”
includes two Mn*-O equatorial and three Mg-O
bonds. According to the electrostatic model ad-
vanced for the Jahn-Teller distortion and its effect
on bond strengths, the Me-O(7) distances should
be longer than average. Indeed, Mg(1), Mg(2), and
Mg(4) all provide longer- than-average distances to
O(7). Mg(4), which is fully occupied and therefore
not “expanded” owing to partial occupancy, pos-
sesses a long Mg(4)-O(7) 2.16 A distance.

Another interesting feature of the structure is that
the ordering scheme leads to a C-centered structure
with doubled a- and b-axes relative toithe P-cell of
hulsite. Why aren’t the Mn(1) and Mn(2) atoms
distributed along the same level on y throughout, so

Fic. 3. (a) Polyhedral diagram of the real pinakiolite structure between O < y =< 1/2.
Mn*-O octahedra are ruled, Mg-O octahedra are unshaded, B-0 triangles are stippled. Atomic
positions are labelled to correspond with Table 4a.



PINAKIOLITE, WARWICKITE, AND WIGHTMANITE 997

that pinakiolite remains P2/m but with the b-axis of
hulsite doubled? This appears as a consequence of
the severe geometrical distortion that would result
if all Mn®*" cations were on one level along y and all
the Mg?* cations on the level y + 1/2. Slabs normal
to the y-direction would alternately bulge and shrink.
In other words, ordering along the ag-direction mini-
mizes strain in the crystal.

From this discussion, two arguments are advanced
toward prediction of the ordered structure of Mg?*
Mn*-equivalents of Mg?*Fes'-bearing borates.

1. Mn®*" occupies those sites where electrostati-
cally oversaturated anions (referring to the
isotropic octahedron) are associated with
Mn*-O apical bonds and undersaturated
anions with Mn®*"-O equatorial bonds.

2. Successive bands of octahedra contain alter-
nate Mn**-O layers and Mg?*-O layers to mini-
mize geometrical distortion.

Can this problem be applied to the ludwigite-
orthopinakiolite relationship? Ludwigite, Mg,Fe*'O,
[BOs], Pbam (with c the fiber direction), was studied
by Takéuchi, Watanabe, and Ito (1950). The Mn**-
analogue, orthopinakiolite, Pnnm (with b and c¢ of

ol +"%

Fic. 3(b). Polyhedral diagram of the real warwickite
structure. The (Mg,Ti)-O octahedra are ruled, Mg-O octa-
hedra are unshaded, B-O triangles are stippled. Atomic
positions are labelled to correspond with Table 4b.

Fic. 3(c). Polyhedral diagram of the real wightmanite
structure from Moore and Araki (1972). Octahedra at y
= 0 are unshaded, octahedra at y = % are ruled. The B-O
triangles are stippled.

the ludwigite cell doubled), was investigated in a
preliminary study by Randmets (1960). The curious
feature of the orthopinakiolite cell is that ordered
arrangements based on ludwigite can be found which
give space group Pnnm but which do not require a
doubled b-axis. In other words Pnnm can be ob-
tained from Pbam by doubling ¢ but cannot be de-
rived by doubling b. For this reason, we feel that
orthopinakiolite may show a different topology than
ludwigite and a study on its structure is in progress.

Warwickite
Experimental

Several years ago, P.B.M. collected specimens of
warwickite-forsterite-spinel-chondrodite nodules em-
bedded in coarsely crystallized marble from the type
locality near Amity, about seven miles from War-
wick, Orange County, New York. Accessory min-
erals include pyrrhotite, dravite, sphene, magnetite,
and flecks of graphite. The warwickite occurs as
rough black prisms.

The crystal, a symmetrical prism 0.21 X 0.15 X
0.35 mm in dimension was rotated about the c-axis
on a PAILRED automated diffractometer using MoK«
radiation and graphite monochromator. Data were
collected to 20 = 70° for the I = O- to 4- levels.
Polyhedral absorption correction was applied utiliz-
ing the Gaussian integral method of Burnham
(1966) and symmetry equivalent reflections were
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TaBLE 6a. Pinakiolite. Interatomic Distances and Angles*
(Estimated standard errors in parentheses refer to the last digit)

Mn(1)-0 Mn(2) -0 Mn(3)-0 B0
Square plane:
-0(7);  l.916(wi -0(7),  1.917(%) -0(8); 1.963(6) —o(L)Y  1.376(10)
:2%“ v oM -8, " ~0(2)" 1.381(10)
Sogiti w :Sggiii :8%:;" N -0(3)  1.331(10)
average 1.379
Elongate vertices:
-0(1) L0 2.234(6) ~0(2);;: 2.261(5) -0(3)  2.210(6)
-0 - -0(2) " -0(6)  2.227(6) 0(2)y -0(3)  2.375(9) 118.61
average 2.022 average 2.032 A average 2.048 ggg :gg; gaiéggg iéig;
0-Me-0’ (%) average 2.389 119.98
Elonguts edgess
{79 g =07 1 LBy 88,92 0(7),, -0(NT,; 2.684(6)2 88.86 0(8) _o(s) , 2-548(6) ] 50,94
e ]‘I: oi 1 gfRaan 27 ()E o)} -0(8) i
i1y, 3 <.:a|-(n|,_ 91.12 0(7), -0(7)33; 2.732(8)y 90.89 TG —0(8) 2.986(6) 39,03 B(2)-0
oi7y " g oN*t ottt 0(8) -0(8)Y 2.991(6) 99,26
-0(6)  1.375(10)
Syuidre planar pdges: -Q(5) 1.392(10)
i =] ~0(4)  1.405(10
o(1) 83.63 0(7); -0(2);7} 2.785(7), 83.17 0(3) -0(8); 2.762(1° 82.66 ol 180500
uu| 0(7)7;;-0(2) i L 0(3) -0(8 )1\, " A average 1.341
0(7)17H-0(2) " B 0(6) -0(8)," 2.817(7)¢ 8u.2y
(7)™ -0(2) g o(s) -0(8)" N 0(5) ~0(5)  2,386(9) 119.15
96.44 0(7), -0(2) 3.132(7) 96.77 0(6) -0(8); 3.l24(7) 96.22 oun _o(e)  2.402(9) 119750
(O 5 T T oe) =0(B v oty -0(s) 2.uu0(9) 12117
o 0@ ¢ 0(3) -0(8)} 3.131(7) 97.06 — e
a(N"" -0() 5 o3 -o(®) " average 2.409 120.05
90.03 average 2.875 89,94 average 2.895 90.04
Mg (2)-0 -0 Mg (4) -0
214104 ~0(7) 2.141 (W) -0(3),, 2.026(6) -0(8)  2.023(W)
v El o 16 —0(1)  2.098(6)
" 10 -0(8), 2.050(%) -0(4)  2.099(6)
" —o(7ytt -0(8) 0 ~0(5)  2.106(6)
z.14240) -0(5) ... 2.166(6 -0(6) ., 2.080(6) ~0(2) ;. 2.111(6)
) ] ¢ -055)111 oY —o(8)*Y v _057)“ 2.157 ()
ayerHge 2.14 average 2.149 average 2.052 average 2.099
1 . -y b b [ ii
o7y () Es. 2,736 (R) 79.43 0(7) ~0(7 ) .732 6) 79.29 B3, =0(H] 27627 85.32 O(l) -0(7):s 2.775(7 B1.40
g _nEq"IL e ': o(7)* -0(7)“.% ( ’; 0(3) Vi)Y - 0E2§ _057%?1. 2.755E7g§ 81.46
Of1)  —O0(T) . 2ETE(T)Y 84,22 0(7); -0(5)31; 2-873(Ny 83.68 sy LBLS(9YY 86.55 o(u)  -0(7);; 2.869(7)5 81,76
14 ; 0(7) . -0(5) v g = - o(s) -0 2.873(1) 814,74
0(7}377-0(5) " g (8), (R.BIT(TI 86.01 o4y -0(5)  2.901(9) g 87.25
o(N* -0(s) " ofh) -U{"]'-'., i o(l) -0(2) 2.932(9) 88.31
95.85 0(5)  -0(7); 3.209(7) 96.33 D[3Y, ~0(B) " 2.990¢4) 93,46 0(1) -0(1)  2.990(9) 90.87
0(5) ;=00 3, " ogh o) 0(2) -0(5) 2.990(3) 90.31
a(8) 110N ” 03y ‘-urm 2,999 (7) 9u.74 o(l) -0(8) 3.0uLl{7) 95.10
r 0(5) -0 (7] " a 003) | 748} = a(2) -0(8)  3.076(7) 96.14
203(A) Y, 100.54 0(7) 5 S0(7)7;; 3.293(8)§,  100.54 o) *Y-ofm)¥  F.0z0(m) 93.98 o(s) -0(8) 3.105(7) 97.73
; o(n* ottt n 0(6) -0(8) i 0(5) -0(8) 3.136(7) 58.82
sverng: 3.022 90.02 average 3.032 89.98 average 2.901 90.01 average 2.956 89.74
U LIS v ey B e o 70yt W 774 R5y) v feppuied o) coordinatas i TaE1S, S
aMna'*'—MnEH (square plane); anEH (square plane) —Mg2+; CMn3+ (elongate edges) -Mg2+; dMg2+-M§2+; dlfiber repeat direction.
TABLE 6b. Warwickite. Polyhedral Interatomic Distances*
M(1) M(2) B
v & B* Vv & B¥ v & Bt
M) -0(4, 1.976 2,004 2 M(2) -0(1) 1.986 % 2.016 1B -0(1) 1,352 1,355
2 -0t 1,981 2,012 1 ~o(4) 2.003 1.965 -0(3) 1.385  1.396
1 -0(2);; 2.096 2.088 1 ~0(3);; 2.096 2,117 -0(2) 1.386  1.389
2 o)™ 2.1u8 2,160 2 -0(2)™ 2.13u 2.164 average 1.37%  1.380
average 2.055 2.073 average 2,057 4 2,074
0-Me-0* 0-Me-0° 0-Me-0'
2 O(u)n-o(u) 2, 669 2,715 84,83 2 oyi- 0(2)JLJL 2.7251 2.766 82,73° 0(1)-0(2) 2.357 2,377  118.82
2 0(3) -O(H) 2. 738 2,760 82,97 2 0(3) -0(2) 2.754 2.775 81,24 0(1)-0(3) 2.380 2.380 120.81
2 0(2) -0(3)11 2,754 2.775 80.91 2 oW -0(1)1i 2.814 2.854 89,73 0(2)=0(3) 2.405 2,414 12044
2 0(4,;,-0(3) 3.020 3,065 94.07 2 o). ~0(2) 2,964 3,002 91,47
10t 0(3)1lt 3.085  3.125 91.80 2 0(1) ~0(3), . 3.056 3.023 96.91 average 2,381 2,390  120.02
Lo@* -o(mit 3,085 3.125 102,27 10(2),-0(2)3;" 3.085 3,125 92,58
20() -0t 3.17 3,104 99,69 Lo@w*o®** 3,085 3,125 101,92
average 2,897 2,924 average 2,900 2.926
*® -
i= = 1/2-x, "\‘L/2+y, Z; t = l+z applied to coordinates in Tahle 3b, Estimated standard errors: M(1)-M(2)-0 * 0,003 &;
Bo+0005.f\ oo’ + 0,004

*Venkatakmshnan and Buerger (1972}, on CoFe0BO3,
+Octahedral shared edges,
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TABLE 6c. Wightmanite. Polyhedral Interatomic Distances agd Angles*
(Estimated standard errors in distances less than 0.01 A)

A-region of bundle

Ma (1) Mg (5) Mg (3)
1wMg() -oH(W,; 2.021 1 Mg(s) ~OH(S),; 2.00 2 Mg(3) -0 2,03
2 ~0H(3) 2.03 2 OH(l) 1ol 1 -OH(l) 2.04
1 -o(Hi, 2.07 1 -0(3);; 2.05 1 -0(9);; 2.1
2 -0(2)5'-l 2.17 2 -O(l) 2.17 2 0(5) 2,13
average 2.08 i average 2,08 average 2.08
0-Me-0’
2 0(2) -0H(3)11 2.837  84.66° 2 O(J.):f._i -oneny ¥t 2 84S 84,78 2 ot -mx(a} 2,76 83,00
2 0(2) —0]—[(’-})]._:.L 2.8 85.27 2 0(1) -DFI(E) 2.83" 85.38 2 (JH{?] -OH(].} 2.84 88.50
2 OH(W) . . -0H(3) 2.90 91.46 2 OH{B). ,-ou{l) 2.90 91,75 2 on(z% o) 2.92, 89.69
2 OH(3) -0 (W) 2,98, 93,24 2 OH(1)} M '-0(3) 2.97, 93,13 2 0(5)3 ~0(5) 2,92 87.05
20011 ~o()7;, 2,997 89.66 2 peryd -0(3) ;. 2.97;  89.u2 2 OH(1) -0(5) 7y 3.06 94,39
Lo 0077, 3.10 91,17 1 0(1)11.-0(1) 11p 3+10 91,17 1 0(5) iI-O(s) it 3-10 93,39
1 0H(3) M -0H(@@) 3.10 99.56 1L oonEy T-oH(L) 3.10 98.90 1 0H(2) Y-0H(2) 3.10 99.56
average 2.9u B89 .94 average 2.94 89.92 average 2.93 89 .87
B-region of bundle
Mz (2) Mg (4) B
1 Mg(2) -OM(3),, 2.03 1Mg() -OH(2),, 1.99 1B -0(3) 1.38
2 ~0H(5) " 2,04 2 -0H(4) ", 2,04 1 -0 1.38
2 —0(3)1i 213 2 ol 2,12 1 -0(5) 1.39
1 -0()) 2.17 1 -0(2) 2.18 —
_ _ average 1.38
average 2.09 average 2.08 P
3 141 a 10(3) -0(W 2,38 119.16
2 0H(5) "-0(3) o 78 83,59 2 GH(li} G('I} 277 83.48 1o -0(5) 2.40 120.09
200 -OH(S)ll 2.832 8y, u2 20(2) —OH(H] 2.83 84,16 10(3) ~0(5) 2.40 120,09
g 8}[(3) -0}-[(5-)L i 2.9'4a 92,50 2 OH(2) —OH(ll} 2.92;‘ 92.86 h—
1) iii-O(B) 2,97 87.37 20 2) =0 (4) 2.99 88.10 average 2.39 119.78
2 0(3)111-0H(3),,, 3.10 96.32 2 o0t ,_uu(a) ¢ 3.03 94.94
L OH(5) " -OH(5) " " 3,10 98.90 1 oi(ny Hoone) T 3010 98.90
1 0(3)1iilg3Liit 3,39 93,39 1ot ot 3.0 93,96
average 2.95 90.06 average 2.94 90.00

*

i= =%, =y, =23 ii = 1/2-x, 1/24y, 1/2-z; iii = 1/24x, 1/2+y, 1/2+z; t = L+y applied to coordinates in Moore and Araki (1972).

2Shared edges between Mg-0 octahedra.

averaged. Unobserved reflections less than 2¢(1)
were set to I(hkl) = o(I). The |F(obs)| were
weighted on the basis of counting statistics and error
in crystal size measurement. All reflections were
used in the structure determination and refinement.

Refined structure cell parameters were obtained from
an indexed diffractometer trace using CuK« radiation,
Si(a 5.4301 A) as an internal standard, and a
scan rate of 0.5°/minute. The results are given in
Table 2b.

TaBLE 7a. Pinakiolite. Electrostatic Valence Balances of Cations about Anions*

Anions Coordinating Cations Bond Strengths AT Comments

Ye B (L) +Mn (1) +2Mz () 3/342/6+2/6+2/6 +1/6  Mnd apioal

0(2) B (1) +Mn (2) +2Mg (1) 3/343/6+2/6+2/6 + 1/6 Mna . apical

0(3) B (1) +Mn(3) +2Mg (3) 3/343/6+2/642/6 + 1/6 gpical

o B(2)+Mg (1) +2Mg (W) 3/3+2/642/642/6 +0 Nu Mn:

0(5) B(2) +Mg (2)+2Mg (W) 3/342/6+2/6+2/6 +0 Mo+

0(6) B(2)+Mn(3)+2Mg(3) 3/3+43/64+2/6+2/6 + 1/6 3% apical

0(7) Mn(L)+Mn(2) +Mg(2) +Mg (2) +Mg (1) 3/6+3/6+2/6+2/6+2/6 + 0 Mnj| square plane
0(8) 2Mn (3) Mg (3) +Mg (1) 3/6+3/6+2/6+2/6 - 2/6 Mn°' sguare plane

*Based on ideal composition Mn(1)=Mn(2)=Mn(3) = Mn3+; Mg (L) =Mg (2) =Mg (3) =Mg () = Mg

2+
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TaBLE 7b. Warwickite. Electrostatic Valence Balances of Cations about Anions*
Coordinating
Anion Cations Bond Strengths ] AT Comments
(1)  B+2M(2) 3/3+,83(2/6) (2)+.17(3/6) (2) 1.73  -0.27  B-0{1), M(2)-0(1) short
0(2)  BaM(L)+2M(2)  3/3+.53(2/6)+.13(3/6) +.34 (1/6) 4,83 (2/6) (2) +.17(3/6) (2) 2,19  +0.19  B-0(2) average; M(1)-, M(2)-0(2) long
0(3)  B+2M(L)+M(2)  3/3+,53(2/6) (2)+.13(3/6) (2)+.34 (4/6) (2) +.83(2/6)+,17(3/6)  2.30 +0.30  B-0(3) average; M(1)-, M(2)-0(3) long
o) 3M(L)+M(2) +53(2/6) (3)+.13(3/6) (3)+34(4/6) (3)+.83(2/6)+.17 (3/6) 1.78  -0.22  M(l)-, M(2)-0(%) short

co?*re?*olB0,

AT shout M(1)=Felr:
" about M(2)=Co” 3

AT (0(2)) + 2AT (0(3)) + 3AT (0()

1/6+4/6-3/6 = +0,33
2AL (0(D)) + 2AT(0(2)) + AL (0(3)) + AT (0(¥)) ~U/6+2/6+2/6-1/6 = ~0.17

Warwickite
AT about M(1) 0.19+2(0.30)+3(~0.22) = +0.13
" about M(2) 2(-0,27)+2(0,19)+0,30-0.22 = -0.08

*Bond stgeng-ths comp%EEd from proposed site distributions. M(1l) = 0.53 Mg

0.08 ALSF + 0,09 Fedt,

2+ 4 0.00 a1 + 0,06 Fe* + 0,34 Ti™ ana M(2) = 0,83 vg®* +

2 NN 2 ~3 1 2r
7
vv -0 @
\AZ P BN
(a)
-3 % 3,
\. .,'
AL oA
o UP wg
2 :A 2
?3
3 3
3 2 3 g % e
e o
A A A A
2 2 20~ a -2
1 A loa
| sN
3 2 3 e 2 N

(c)

F16. 4. Vector diagrams of cation-cation repulsions for
the octahedral dimer (a), trimer (b), and tetramer (c).
Centers and vertices of perfect octahedra are labelled on
the left to correspond with the resultants on the right.

Structure Determination and Refinement

The unit formula of warwickite is approximately
Mg*t, ALY w1 Fe?, 1.Ti*, 5 O[BO,] of which the
octahedral cations must be distributed over two
independent sites, M(1) and M(2), each of equipoint
rank number 4.

Vector set analysis of the P(uvw) map provided a
minimum function M,(xyz) which included all
octahedral cations and two oxygen atoms. The
v’-synthesis revealed all remaining atoms in the
structure. Scattering curves include Mg**, Ti**, and
O'” from the tables of Cromer and Mann (1968)
and B'* from Onken and Fischer (1968). Anomalous
dispersion effects were applied to Ti** and Mg®*.
Refinement proceeded from several models: the
distribution M(1) = Mg®*, M(2) = 05 Ti** +
0.5 Mg**; M(1) = 0.5 Ti*" + 0.5 Mg*", MQ2) =
Mg**; and M(1) = 0.25 Ti** + 0.75 Mg**, M(2) =
0.25 Ti** + 0.75 Mg**. The scattering distributions
were then allowed to vary. Convergence, including
all 652 non-equivalent reflections, led to the R(4kI)
distribution in Table 3b. The favored distribution is
M) = Mg, Tigss and M(2) = Mg oeTio 00
suggesting the ideal formula Mg(Mg, ;Tiy 5)O.[BO;].
The final atomic coordinates and isotropic thermal
vibration parameters appear in Table 4b, and the
structure factor data are given in Table 5b.

Since the Ti*" and Fe®* and Mg®* and Al1** scatter-
ing profiles are similar, it is not possible to distin-
guish them with any certainty, at least for the minor
concentrations of Fe’* and Al** in the crystal. We
propose M(1) = Mg**, 50A1%" 1, Ti*" g 5 Fe® "4 04 and
M(Q2) = Mg®", o, Al**, onFe®*, o5 based on the scatter-
ing densities and the interatomic distance averages.
Naturally, the correct distribution for Fe®* cannot
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be ascertained except through some independent
study such as a Mossbauer resonance experiment.

Topology of the Structure

Warwickite (Fig. 1b) consists of bands of edge-
sharing octahedra, four octahedra wide, oriented
parallel to {210}. Although the structure for war-
wickite proposed by Takéuchi, Watanabe, and Ito
(1950) is confirmed, the present more complete
data set allowed a more reliable assessment of site
occupancies. A polyhedral diagram of the actual
structure is presented in Figure 3b.

During this study, the refinement of the isotype,
Co*Fe**O[BOs] by Venkatakrishnan and Buerger
(1972) was brought to our attention. Their pro-
posed site distribution M(1) = Me?** and M(2) =
Me?** on the basis of an observed difference in elec-
tron density distribution agrees with our conclusion
that warwickite has essentially all of its Ti* in the
M (1) site with (Mg sTio5) as the probable limit.
They concluded, on the basis of electrostatic valence
sums for M(1) = Me?* that this model affords the
minimum average deviation. In Table 7b, we provide
electrostatic valence sums of cations about anions
with comments on the bond distances to the in-
dividual anions and note further support of this
argument.

Interatomic Distances

Polyhedral interatomic distances, angles, and their
averages appear in Table 6b along with the data for
Co?Fe**O[BQOs]. As with Co?'Fe**O[BOs], the aver-
age distances for the M (1)- and M(2)-O octahedra
are very similar, Differences in distances between
warwickite and Co*'Fe®*O[BOs] are small, with aver-
ages about 0.02 A greater for the octahedra in the
latter compound. In both structures, the shared edges
are the shortest for their polyhedra.

From the tables of Shannon and Prewitt (1969),
we have estimated the average distances, M(1)-O
2.06 A and M(2)-O 2.08 A based on the sums of
the ionic radii of the constituents we propose to be
present in warwickite. For "iFe3*-*O and "'Co?*-7Q,
these values are approximately 2.03 and 2.10 A re-
spectively. Then why are the average M (1)-O and
M (2)-0O distances in the Co*>Fe**O[BOs] structure
almost identical? We propose that this is an effect
of overall electrostatic deviations from neutrality.
For the anions of the Co*-O octahedron, the devia-
tion sum is —1/6 e.s.u. and, for the Fe*-O octa-
hedron, the deviation sum is +2/6 e.s.u. The result
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is an Co*-O average shorter than, and an Fe*-O
average longer than, the averages found in structures
with locally neutral valence balances about the poly-
hedra. We note that the same calculations for war-
wickite result in a deviation sum of +0.13 es.u.
about M (1) and —0.08 e.s.u. about M(2), so that
this effect is much smaller, resulting in closer agree-
ment of interatomic averages with those predicted.
For a mixed crystal with Me?*, Me®", and Me*
cations, the preferential site occupancies evidently
minimize such polyhedral deviation sums as well as
minimizing the individual deviations about each
anion.

Wightmanite

Experimental

The crystal structure of wightmanite was reported
by Moore and Araki (1972). We provide here the
bond distance and bond angle data of this extraordi-
nary structure. The details of the data collection
follow from the pinakiolite study except that absorp-
tion correction was not necessary. (An error appears
in the earlier paper: the data were collected on a
PAILRED automated diffractometer.) Cell parameters
are a 13.46(2) A, b 3.102(5), ¢ 18.17(2),
B 91.60(5)°, I2/m, with the errors estimated from
o-scans about the b-axis. The formula is Mg?';(O)
(OH)5[BO;] - nH,O (fimax = 2), of which there are
four formula units in the cell. The analysis in Mur-
doch (1962)—which is essentially that of a rather
pure basic magnesium borate hydrate with small
amounts (<3 percent each) of CaO, FeO and ALO;
—seems satisfactory. The R(hkl) dependence on
|F (hkl)| magnitudes is listed in Table 3c.

Structure Topology

Figure 1c presents the mapping of octahedra and
triangles upon the triangular tessellation, and Figure
3c presents a sketch of the actual structure distor-
tions along with locations of the atomic positions.
The structure is locally electrostatically neutral with
respect to the distribution of cations about anions
when the hydrogen bonds are not considered. Owing
to the disorder in the channels, we have not located
the hydrogen atoms. We do not reproduce the atomic
coordinate parameters since they appear in the
earlier paper, but the structure factor data appear in
Table 5c. To further appreciate the framework
character of the structure, the anisotropic thermal
vibration parameters appear in Table 4c; it is clear
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that the ellipsoids do not deviate greatly from
spherical shape for the framework portion of the
structure.

The wightmanite structure is an octahedral frame-
work structure, built of octahedral bundles and
bands two octahedra in width. Two sets of non-
equivalent bundles occur in the structure, and they
possess identical structure topology. Enormous chan-
nels occur in the structure and these are occupied by
disordered water molecules.

Bond Distances and Angles

The octahedral bundles in wightmanite can be
conceived as fibrous fragments of the periclase (i.e.,
rocksalt) structure. Six octahedral centers in a
bundle coordinate to an oxide (O*) anion. A similar
arrangement was discovered by Moore (1969) in
the crystal structure of gageite, the octahedral frame-
work of which is (Mn,Mg)?*7(O)(OH)y.. In hep-
tasodium fluoride-bisarsenate-19-hydrate, [NagF
(H20)5][Na(H:0) (AsOy).], six Na* cations octa-
hedrally coordinate to one F- defining an octahedral
hexamer topologically isomorphous with [TagO1,]%
and [NbgO,p]% (Tillmanns and Baur, 1970). All
these structures possess one central anion whose
nearest neighbor cations are isomorphous to the
cation neighborhood of the rocksalt structure. The
wightmanite structure provides stimulus for a de-
tailed discussion on local polyhedral distortions in
this fragmented periclase structure.

Table 6¢ provides the interatomic distances and
angles for wightmanite. The Mg(1) and Mg(5) and
the Mg(2) and Mg(4) polyhedral distances are con-
veniently listed in pairs, since these are the topologi-
cally matched regions in the two symmetrically non-
equivalent bundles. The “A” region consists of the
octahedra which share an edge parallel to the fiber
direction and which contribute four coplanar bonds
to the oxide anion; and the “B” region consists of
the remaining octahedra which contribute two apical
bonds to the oxide anion. The Mg-O, O-C’, and
O-Mg-(¥ distances and angles match close to their
limits of error for Mg(1) and Mg(5) and for Mg(2)
and Mg (4). In discussion of bond distances this
adds support to arguments based on cation-cation
repulsion effects when making comparisons between
crystals as well as within a crystal. All distances to
the central oxide anion are long (Mg-O 2.17-
2.18 A) while those to the apical corner-sharing
vertices are short (Mg-O 1.99-2.03 A). We con-
clude that, in the progressive condensation of octa-
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hedra by edge-sharing, the aggregate expands in the
interior and shrinks around the periphery. The in-
crease in anion radius with increase in coordination
number of cations about the anion has been re-
viewed in detail by Shannon and Prewitt (1969).

The dilation in distance of cations about the cen-
tral anion, however, is a much more profound effect
than earlier anticipated. For example, O(1) and
O(2) in wightmanite can be written “Mg-"O with
average distance of 2.17 A, yet "Mg-"'O in periclase
is 2.105 A. In gageite, "Mn-"*O has an average
distance of 2.29 A while that in manganosite is
2.22 A. In [NagF(H50)1:]*, the YNa-"IF distance
is 2.42 A, but *iNa-"F is 2.31 A in villiaumite, NaF.
Since these dilations of at least 0.05 A compared
with the rocksalt structures are in the range of maxi-
mal anion radii differences suggested by Shannon and
Prewitt (1969), who state r(MO%)-r(i0*) =
0.05 A, it appears that structure topology has a pro-
found effect in average polyhedral distances as well
as the anion coordination by cations.

This severe Me-anion distance dilation probably
results from cation-cation repulsion effects. A sketch
of various anion-cation configurations based on poly-
nuclear octahedral clusters is featured in Figure 4.
The classical model states that cations, when brought
together, move away from each other along their
lines of force across a shared edge and, to conserve
the Me-anion distances, the anions on the shared’
edge move toward each other, For the edge dimer,
the peripheral anions “ride” with the cations along
their lines of coulombic repulsion. In the octahedral
trimer, the central anion moves up or down normal
to the plane to conserve the Me-p distance. How-
ever, in the octahedral tetramer, the central anion
is constrained to remain in the plane of the cir-
cumjacent cations. Accordingly, its Me-, distance
should be longer than average. Finally, in the hex-
amer, Magpyg, all six cations move away from the
central anion. The pentameric arrangement would
also show this effect, but less profound owing to its
non-centric structure and some “riding” motion of
the central oxide anion. In all these structures, the
apical or terminal anions ride along with the cations
in the direction of the net lines of cation-cation
repulsion. The result is that the Mgp1o cluster bulges
in the center.

Then why do these clusters shrink at the periph-
ery? The answer appears to lie in anion undersatura-
tion. Evans (1971), in his extensive review of the
isopolyanion clusters such as [V19O2s]%, [NbsO15]*,
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[Mo0;024]¢-, etc, notes that all terminal oxide anions
have short Me-O* distances since they coordinate
to only one cation and are severely undersaturated.
In wightmanite, the terminal anions involve OH-
ligands which receive three Mg?* bonds. According
to Baur (1970), AS = —1/6 for the oxygen asso-
ciated with the hydroxyl bonded to three Mg?*
cations on account of the O-H. . . O hydrogen bond.
Consequently, the Mg-OH distances are shorter than
average, as observed for all such bonds in wight-
manite. Despite these severe distortions, the average
Mg-O distances for each octahedron of 2.08-2.09 A
are the expected averages for mean “Mg-iiQ, con-
forming with Rule 3 of Baur (1970).

It is now clear why the octahedral bundle is par-
ticularly stable in crystals involving the same cations
(such as Mg**) and anions (such as O®) and why
edge sharing parallel to the fiber repeat other than
in a bundle would be unstable for these crystals. For
a bundle, dilation of the core Me-QO2 distances as-
sures the same fiber axis repeat as found for the
octahedra whose edges parallel to the fiber direction
are not shared. For other arrangements, the shared
edge would be shortened (compare with the edge-
sharing dimer) and a misfit between shared and
unshared edges parallel to the fiber repeat would
occur. For this reason, it is predicted that arrange-
ments with larger cross-sections would be unstable in
3 A fiber structures since, by adding a further neigh-
borhood of cations, the dilation at the anion core
would diminish slightly and a mismatch between
shared and unshared edges along the fiber direction
would occur. This arises because cation-cation re-
pulsions will be toward the central anion as well as
away from it. We stress this point since it is clear
that tables of ionic radii may lead to erroncous pre-
dictions in interatomic averages for certain structure
topologies, in particular the tetramer, pentamer, and
the hexamer depicted here.

Concluding Remarks About the
Wallpaper Structures

The investigation of three different wallpaper
structures permits us to draw conclusions and offer
predictions about this family of compounds.

Ordering of Cations of Mixed Charge: Derivative
Structures

Site distributions of cations of similar radius but
different charge proceed from an ideal structure
type—the triangular net—to that arrangement which
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minimizes deviations from perfect electrostatic va-
lence sums. Distortions of the polyhedra, including
the Me-O distances, conform with the order of the
deviations. The solid solution of cations with similar
radius but grossly different charge, such as Me?* and
Me*, occurs if it leads to a minimum deviation in
valence sums. Thus, the warwickite structure provides
in the limit M (1) = Mey 5> + Meos* and M(2) =
Me?". By analogy, we would propose that other war-
wickites may exist such as Mg(Mg, sSn, 5*") O[BO;]
and Mg(Mgo.sMn, 5t )O[BO;], the latter suggested
by the partial replacement of Mg?* by Mn*" in the
Mg(3) site of pinakiolite.

The substitution of electronically anisotropic cat-
ions such as Mn®" proceeds to a derivative structure
since Me*-Mn®* solid solution does not occur and
results in a derivative cell. Again, the ordering scheme
provides the space group which affords minima in
deviations from electrostatic balance of cations about
anions.

Edge-Sharing Parallel to the Fiber Axis

One of the limitations inherent in the 3 A wall-
paper structures is the common fiber axis repeat for
all non-equivalent octahedra in any structure. Serious
mismatches in octahedral edge-distances would re-
quire local oxygen disorder in the framework and
severe anisotropy of the mean residence ellipsoids,
with the axis of elongation or compression parallel
to the fiber direction. Disordered tetrahedral groups
resulting from serious mismatches between tetra-
hedral edge and octahedral edge distances parallel
to the fiber axis have been noted in the struc-
tures of gageite (Moore, 1969) and chlorophoeni-
cite, Mn2'3Zn, (OH) g[Asy sHo 5) (O,0H) 3} (Moore,
1968). These structures, however, possess rigid octa-
hedral frameworks which are themselves not dis-
ordered.

We propose four conditions applicable to the oc-
tahedral portion of the 3 A wallpaper structures
which provide adjustments to mismatches and which
themselves arise from the severe restrictions placed
on the spatial distribution of edge lengths by the
fiber repeat. First, partial site occupancies such as
Mg(1) and Mg(2) in pinakiolite afford a uniform
expansion of the MgQO; octahedra. In effect, the
2 X 3 A repeat distance would dictate the extent of
partial occupancy such as to assure the proper match
with the rest of the structure. Second, unshared
edges parallel to the fiber repeat expand on account
of contracted edges which result from edge-sharing
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normal to the fiber repeat. Third, a variety of solid
solutions involving Me?', Me®*, and Me** cations can
provide spatially uniform polyhedral averages. Pre-
sumably, the site distributions are dictated in the
same fashion as the partial occupancies of the first
condition, limited by the electrostatic sums. Fourth,
the appearance of octahedral bundles, as in wight-
manite and gageite, result in long shared edges paral-
lel to the fiber repeat, a consequence of the long
Me-O distances to the central oxide anion in the
bundle. Thus, bundles can coexist with columns in
the same structure, even though the latter have no
shared edges parallel to the fiber repeat and even
though the octahedral cations are all of the same
kind.
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