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Ar:stnecl

The Fe-NIn orthophosphate hydrate structures are based on linkages of octahedra and
tetrahedra. Since the tetrahedra composed of PO+3 groups are insular (not linked to other
tetrahedra), a classification analogous to the silicates is fruitless. However, linkages of octa-
hedra can be easily related to general formulae rvhich specifl' ths ligands participating in
octahedral bonding, with the metal ions as octahedral centers. The ratio of the metal ions
to the octahedralll' 666.4itru,ing oxygens (associated r.ith OH- HzO and POa3- ligands)
is the key to the classification since octahedral groups and linkages can be specified.

Various types of octahedral isomerisms are discussed and the known crystal structures
of Fe-Mn orthophosphate hydrates are reviell'ed.

hqrn ooucrroN

Classification of anisodesmic oxysalts, particularlv of mineral species,
on the basis of some linking unit and structure celi stoichiometry sheds
much light on the bewildering forest of erstwhile disconnected families of
compounds. Schemata offered for the mesodesmic sil icates, relating
chemical stoichiometry and framework structure, with the SiOra- tetra-
hedron as l inking unit, were developed b)'Machatschki (1928) and Bragg
(1930), and later expanded by Belov (1963) and Zoltai (1960) to include
other groups such as BeOa and AIO+ tetrahedra. Classifi.cation of borate
structures on the basis of complex polyanions erected from linkages of
BO+5- tetrahedra and BO33- equilaterai triangles by Christ (1960) and
Tennyson (1963) has met with considerable success, and in some in-
stances, led to the prediction of unknown structures. Fluoroaluminate
classification was investigated bi, '  Pabst (1950), the octahedron being
used as l inking unit.

The Fe-Mn orthophosphate hydrates comprise a sizable body of min-
eral species. A previous attempt at classification of orthophosphates,
orthoarsenates, and orthovanadates was based on chemical stoichiome-
tr1' (Palirche et al., t95l). It lacks a direct relationship to crystal structure
and is incapable of elucidating the role of water.

The classification offered here is l imited to Fe-Mn orthophosphate
hydrates. Fe-Mn orthoarsenate (and orthovanadate) hydrates could also
be included but as yet very few crystai structures of these oxysalts have
been revealed.

The structural unit chosen is the regular octahedron, since, for the
phosphate minerals, the PO+-tetrahedra are insular (that is, not l inked to
other tetrahedra) and a classification bar.sed on linked tetrahedra-

2052



CLASSIFICATION OF Fe'Mn ORTIIO

analogous to the sil icates-would be impossible.

centered octahedra are of more interest from 1

fi.eld theory.
Octahedral coordination about Fe2+' Mn2+,

plained by h1'bridization of bonding orbitals of

t-vpe; that is, bonds whose directions point to

octahedron. The ligands suppiying the necessa

these emptv h,vbridized orbitals can be either

dentate POa3- group. The known crystal structt

phate hvdrates support the assumption that t

hedrai centers.

Tnn Scnprlr

Before suggesting a general formula which i l

structures based on octahedreil l inkages, thr,

made :

1) the metals are octahedrally coordinated, rvith oryg

octahedra,
2) the POrs- group is tetradentate, each oxygen associa

center, and,

3) the remaining OH- and HzO ligand stoichiometry is

Assumptions 1 and 2 are borne out br.' the exis

tures. Assumption 3 perhaps needs some clarif i-,

HrO groups which behave as octahedrail.v coor

sidered. It is assumed that non-octahedrallv bt

"zeolit ic water," can be determined separatel.v.
For metals of charge 2f , the general f ormula

where,

X'r+(OH)-,"_r,(pOr,3-(HrO),

X : metal

OH ,  HrO, POra- -  ' ' *undt

n : number of octahedra

z : number of tetrahedra

r : octahedrally coordinating rvatr

A further symbol, P, is used, which is simpl1'

coordinating oxygens,

P : r l 2 n I z

Likewise, for metals of charge 3f ,
)("3+(OH)-3 1._,) (POt,3-(HrO),

P : r * 3 n * z
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and, for mixed charge 2* and 3*,

X^r2+X'23+(OH)-z"r+r<":-,r(PO4),3 (HrO), 2nt I 3nz Z 3z

n : n r * n z

P : r f 2 n t i _ 3 n z * 2 .

oclohed'ral Linkoges of F ini,te Ertent (I solated Growps) . rt is a simple mat-
ter to relate the above general formulae, based solely on charge balance
and the three assumptions, to octahedral l inkages of f inite extent. The
nature of the octahedral l inkage is dependent on the formwla np or,
analogouslv, the ratio nf P.

The term "n" can be the number of octahedra (isolated and/or ,,clus-
tered") in an asymmetric unit of structure. Though the ratios n/p for
nP: XOo (": 1) and nP: X3O1s (n: 3) are the same-in this case, struc-
tures based on insular octahedra-X3o16 implies further that there are
three insular octahedra in an asymmetric unit of structure (i.e., octahedra
which cannot be made congruent by space group symmetry operations).
Such information is very important in nuclear magnetic resonance and
M'iissbauer resonance investigations, studies which the Fe-Mn ortho-
phosphates wil l no doubt enjoy in the future.

Table 1 is a format for f inite l inkages of octahedra, l isting n, the number
of octahedra in an asymmetric unit of structure; the formula np; the
Iinking type and a simple code. Only permissible formulae for nS4 are
listed, since higher n-values would, in all probabii it i ' ,  be manifest in
structures of considerable compiexity. using the information in Table 1
and working out the appropriate formula, there results Table 2, a l ist of
permissible chemical formulae for metals of charge *2. Similar formulae
can be generated for metals of charge f 3 and for metals of mixed charges.

octahed,ral Linkages of Inf,nite Ertent. No simple table of permissible
structures can be given here, for the number of permissible patterns of
structure is infinite. However, some simple motifs can be ofiered and the
more complex groups derived from fusion or addition of these simple
Iinkages when possible. For chains, vertex (XOu)", edge (XOr)", and face
(XOt" l inkages are permissible; for sheets, vertex (XOr" and edge
(xot" l inkages (face l inkages leave re-entrants) I and for 3-dimensional
frameworks, vertex (xor)" I inkages (face and edge linkages reave re-
entrants).

Table 3 is an outl ine of the known crystal structures of Fe-Mn ortho-
phosphate hvdrates. rn rather complex fused groups, as in scorzalite,
several alternative choices of l inkages are possible.

The advantages of this scheme over the previous one is (1) the role of
water is emphasized and (2) the characterization of octahedrar l inkases
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leads to permissible structural isomerisms including l igand stereoisomer-

isms about the octahedra. In reference to sil icate classification, the

scheme suffers one disadvantage: whereas onll vertex-sharing of tetra-

hedral groups need be considered in sil icate structures (excluding possible

rare exceptions), in this classification, edge-sh:rring and face-sharing of

octahedra as rvell must be considered. Furthermore, the exact "l igand
water" cell stoichiometry must be known. This makes predictions of

unknown structures diff icult and ambiguous.

Isol'rBnrsu

The problem ma-v be posed this wa1 : given a chemical formula, what

are possible crystal structures that wil l satisfy that formula? Four t-v-pes

of isomerism plav a potentially important role in Fe-Mn orthophosphate

hydrate cr-vstaliography: 1) pol-vmerization isomerism, 2) stereoisomer-

ism, 3) polvnuclear isomerism, and 4) hydrate isomerism.

Polymerizationisomerism. Tables 1, 3 show that for a general formula nP

there can exist more than one link-type. For example, Iaueite (Table 3)

and vivianite (Table 1), both with nP:XsOra are polymerization iso-

mers. A further finite l ink-type exists (Table 1), consisting of a vertex-
joined triplet of octahedra.

Tter-n 2 Fonrr.rur,eB ron Isoleroo Gtoups lot n(4, Cn.tncn 2f

nP

XOo
XrOrg
XrOu
X:Oro
XzOos
X:Ors

X:Orz

X:Oro

X:Or;

XrOrn

XrOr:

X3Orz

z
I
2

xr(OH)(POr)(H:O)z
X,(OH)(POo)(H'O)o
Xz(OH)(POE)(HzO)r
x,(oH)(Por(H,o)4
&(oH)3(POt(H,O)tr
X:(POr)z(H:O),0
Xr(OH)e(POr)(HrO)ro

&(POt,(H,O),
X:(OH):(POD(H:O)s
Xa(POr)z(HrO)s
&(oH)3(POr(H'O)8
x3(Pot'(Hro)7
Xr(OH)r(POn)(HrO)z
x3(Potr(Hro)6
Xr(OH):(POr)(HiO)o
&(POt,(H,O)5
X:(OH)r(PO4)(HrO)5
&(POt,(H,O)4
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Stereoisomerasaa. Whereas polymerization isomerism is concerned with the
types of octahedral l inkages, stereoisomerism is concerned with the ar-
rangement of I igands about the octahedra. In octahedral complexes,
stereoisomerism may occur when two or more l igand species are arranged
about the coordination center such that congruency is destroyed b1- at
least one rearrangement of the l igands. Since an octahedron possesses six
apices, f ive l igands of one species and one ligand of another species,
briefly written (5+1), or the trivial case of six l ike-l igands (6f0) are
incapable of stereoisomerism.

Our concern is 
"vith 

at most three ligand species. In all, oxygen atoms
associated with these iigands also reside on the apex positions of octa-
hedra. The (xfy) and (x*y*z) various stereoisomerisms are i l lus-
trated in figure 1.

If the proposed structures of strunzite and stewartite are correct
(Moore, 1965), then laueite, strunzite and stewartite would be stereo-
isomeric structures.

Another t1,-pe of stereoisomerism can be conceived, even when there is
no interchange of l igands about the octahedron. This could be considered
as a tilting or twisting of the ligands. A good example is the strengite-
metastrengite pair. Both are cis-(X)(Oo)+(Or)z structures and the near-
completed crvstal structure determination of metzrstrengite suggests that
its only major difference from strengite rests on the "ti l t" of the POa3
tetrahedra about an asymmetric octahedron of structure.

3 + 3  2 + 2 + Z

Frc. 1. Illustration of stereoisomerisms involving two and three
di f ferent  verter  snecies aboul  an octahedron.
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Polynwclear Isomerism. Since two metal specie
considered, poll 'nuclear isomerism is possible. T
orbital hvbridization of Fe2+ and Fe3+ ions an
similarit ies in cr1-stal radii suggest possibii i t ies o
as evidenced in the triphyliteJithiophil ite series
ite series, and the reddingite-phosphoferrite s
exceptions are knon'n: vivianite and ludlamite
2/" }[nO and it appears that in some structur
fixed (or bounded) . For laueite and its poll morl
such an instance, polynuclear isomerism is po
change of Fe and Mn in non-equivalent octahe
interchange of environment about each of the
examples of polt 'nuclear isomeric pairs among p

Hydrate Isomerism. Hydrzrte isomerism implit
different roles in structures; for example, it cor
participate in fi l l ing space in a cavity in a stru,
present  in  lauei te,  MnFe3+z (OH)r(POd)r(HrO)
hypothetical  ̂ l ttpsr+r(OH)r(P04)r(HrO)s, nP :
posed of insular octahedra) exists, considerabl
properties and morphology betr,veen it and lar
though in both cases the total wir.ter content .

emphasizes the importance of specifying all the
complex. It is now evident that the f amiliar " 'n.
l i tt le to the understanding of these compounds. 

'

lvaters should be specified in parentheses.

Ocr.qnpon'qr, Lrxx.q.cBs rN KNowN

The Fig. 2 series are projections of the knou
diagrams are used to show linkages of octahedri
the most accessible visuallf in picturing phosp
diagrams, onlv the basic features have been sho'
tion" of the formul:r for the octahedral skeleto
each diagriim. The symbolism used here has I
(1965), Ol being ox\rgen affixed to HzO andf or (

PO+3- oxt'gen. The differentiation of OH- from
structures, the parameters are not good enoug
tomic distances) and no attempt is made here

Scorzalite and eosphorite are not strictly Fe.
drates but have been included since Al in the r
hedrail l '  coordinated and behaves l ike Fe in the :

and \[n, are being
:ri larit ies in bonding
IIn2+ ion, and the

rorphic replacement
:hildrenite-eosphor-

However, notable
contain more lhan

e FelMn rir.t ios are
: r i s  i s  nea r l l -  2 : I . I n

; that is, the inter-
:enters results in an
metals. As r.et, no
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Lt water ma1- plav
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Tenlr 4. Cor,r, Dlra or Soua Fe-Mn Onrnopnospr [vnnare Srrucrunns

S G .

strengi te 10.07
vivianite 10 05
ludlamite 10.50
lauei te 5.28
strunzite 9. 80
ste\\artite 2XS 23
eosphorite 10 38
scorzal i te 7 .15

e  8 3  8  6 7 4
1 3 4 2  4 7 0
4 . 6 5  9  1 8

1 0 6 6  7  t 4
18.06  7  34
r 0  7 7  7  . 2 5
1 3 3 6  6 9 1
7  3 2  7 . 1 4

10
10

107"55',  11
1 1

90"35', 10

1 1

Data from Palache et oI (1951) and Peacor (1963).

Fe endmember (barbosal i te) of scorzal i te is kno
has not been r ef ined.

As  these dr  r r , r ' i ngs  are  pro je t ' t ions ,  in  some :

and vivianite) tetrahedra appear to share edgcs
these tetrahedra l ink to svmmetrv equivalent
to the plane of the drawing so thurt the effect
los t .

Though the formulae mav appear to be mor
help rvhen various other isomerisms are being st
each metal center (X) there are six speci l ied ox
be shared u,i th other octahedral centers. Thel ,
The tetrahedra i l re not specihed in the formuiae

Table 4 l ists the cel l  data and space groups c
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lfhe Fe-f{n orthophosphate hl 'drate structul
of Linkages of somewhat distorted octerhedra a
tetrahedron is tetradentate, each oxygen ass(
oc tahedra l  cen ter .  The meta l -centered  oc tahec
isolated groups, vertex-l inked chains, edge-l inl
cornplete three-dir lensional arral 's. AII the wat

Ftc 2 Projection representations of some lie Mn orthc
is outlined ancl onlr.ltarts of the structure are shorvn. Su1
shared b1'other groups lleference for atom parameters: str
ite (N,Iori, 19.50), l.rdlamite (Ito, 1951), laueite, strunz
eosphorite (Hanson, 1960). scorzalite (Lindberg, 1959)
structures are inferrecl and have not r-et been confirmed bv

Pcob 8
C2/m 2
P2r/a 2

71"07', PI 1
C2/c 1

71"21', P7 2X-1
Bba2 8
p2t/n 2

Ithough its structure

rces (as in ludlamite
octahedra. Actually,
edral groups normai
lrahedral bridging is

rg on the cake, ' they
. Notice that around

) some of which may
rrtit ioned br,- a dash.

structures in Fig. 2.

SION

far revealed consist

lrahedra. The PO+3-

d with at least one

nk together to form

hains, sheets, or in-

most of the water is

:rate structures. Lrnit cell
rt stars indicate oxygens
(Hiriyana, 1949), vivian-
ervartite (Moore, 1965)
,trunzite and steu'artite
.1 structure analysis.
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octahedrally boundll when heated in an oxidizing environment, hydrogen
is split off during oxidation of the metai, but the essential structure re-
mains intact-apparentlv a true case for most Fe-orthophosphates. If all
of the water is octahedrally bound, the loss of water results in destruction
of the structure, as in vivianite. More detailed results of heating studies
on Fe-Mn orthophosphate hydrates wil l appear in another paper.

Since at least 50 other Fe-Mn orthophosphate hydrates are known,
novel l inkages should be found in the course of further studies.
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