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Abstract

Phosphophyll ite from Potosi, Bolivia, ZnrFe(POn)r'4HrO, is monoclinic and crystall izes in
space group P2, /  c ,  wi tha :  10.378(3) , ,  :  5 .084( l  ) ,  c  :  10.553(3)  A,  B :  l2 l . l4(2) ' ,  and Z :
2. The structure has been solved by Patterson and Fourier methods from 1999 Zr-filtered
Mo.l(a data and refined by full matrix least-squares (including the hydrogen atoms) to R :

0.032 (R. : 0.035). The framework consists of [ZnrP"Orl tetrahedral sheets identical to those
in hopeite, interleaved with [FeO.4HrO] octahedral sheets similar to those in parahopeite.

Introduction

Phosphophyll ite from Hagendorf, Bavaria, Zn"
(Fe,Mn)(PO1)2.4H2O, was first described by Laub-
mann and Ste inmetz (1920),  but  has been docu-
mented at relatively few other localit ies since then
(Hil l, 1976). Nevertheless, a large number of studies
have suggested close relationships between the crystal
structure of phosphophyll ite and that of hopeite
(Steinmetz, I 926; Wolfe , 19401' Gamidov et al., 1963:
Liebau, 1965; Kawahara et al., 1973), and para-
hopei te (Kumbasar and Finney,  1968;  Chao,  1969).
Although the topology of hopeite and parahopeite
is now known with some degree of precision (Hil l
and Jones,  1976;  Chao,  1969),  the phosphophyl l i te
structure has been determined from two-dimensional
X-ray data only (Kleber  et  a l . ,  196l ) ,  wi th the y
coordinates estimated on the basis of interatomic
distances within the inferred coordination polyhedra.
Moreover, the framework determined by Kleber el
a/ .  conta ins a number of  unusual ly  shor t  O'  .  'O non-
bonded distances, and one distance which arises from
the sharing of an edge between a ZnOa and a POo
tetrahedron. Based on an alternative interpretation of
the publ ished [010]pro ject ion,  Hi l l  (1975) proposed a
new framework with more reasonable O. . .O dis-
tances and no shared edges. The new model was
refined by the method of distance least-squares
(Meier and Vil l iger,1969) and converged to a struc-
ture essentially identical, except in the vicinity of the
octahedral sites, to that ofhopeite. The present three-
dimensional X-ray refinement was init iated in order

to determine which of the above models pertains to
phosphophyll ite.

Experimental

A roughly equidimensional cleavage fragment of
phosphophyll ite from Potosi, Bolivia (crystal volume
: 5.6 X 10-6 cm3) was or iented wi th the c ax is
parallel to the @ axis of a Picker FACS I four-circle
diffractometer. Detailed chemical, optical, and X-ray
data for material from this locality have been re-
ported by Hil l (1976): unit-cell dimensions from that
study have been included in the abstract.l X-ray in-
tensity data for the structure analysis were collected
at 24oC using Zr-fi l tered MoKa radiation (tr :

0.71069 A) and a 20 scan rate of 2" per minute.
Backgrounds were determined from lO-second sta-
tionary counts at both ends of each dispersion-cor-
rected (Alexander and Smith, 1964) scan range (min-
imum width : 2.4" in20). A total of 6285 reflections
with 20 (75o and / > 0 were measured, using three
reflections to monitor instrument and crystal stabil ity
at frequent intervals; these showed no significant
change. Systematic extinctions appropriate to space
group P2'/c were removed, and the resultant data
corrected for background, Lorentz, polarization, and
absorption (based on actual crystal shape and a p
value of 70.22 cm-t) effects. Symmetry-equivalent
and multiply-measured reflections were averaged (by
weight) to yield 2482 unique structure factors, each
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with a standard deviation estimated from the equa-
tion o : loi + (0.031)'z1o'u/2f 5, where 1is the cor-
rected raw intensity and o1 is derived from counting
and averaging statistics. Of these data only those
1999 observations with I ) 2ol were included in the
subsequent least-squares refi nement.

Structure determination and refinement

The Fe and Zn atoms were located from the Patter-
son function, and the P and O atoms from partially
phased Fourier syntheses. These atoms were refined
by least-squares min imizat ion of  >w( l f ' . l  -  

lF" l ) ' ,
where Fo and F. are the observed and calculated
structure factors, and w : l/o2. Refinement with
isotropic temperature factors converged with a con-
ventional R value of 0.055. Refinement with aniso-
tropic temperature factors2 and the inclusion of an
isotropic extinction parameter (g), as defined and
scaled by Coppens and Hamilton (1970), further re-
duced R to 0.033.

A Fourier difference synthesis uti l izing only those
data with sindltr < 0.4 A-1 was computed, and peaks
ranging from 0.49 to 0.88eA e were flound for the
four hydrogen atoms in the asymmetric unit. There
were also a small number of other peaks with max-
imum densi ty  l .35eA-3 ( less than l |Vo of  the magni-
tude of an O atom peak), but these were all located
well within the coordination spheres of Zn, Fe, and P,
and were interpreted as regions of charge deforma-
tion due to chemical bonding. Full matrix refine-
ment, including the H atom positional and isotropic
thermal parameters and using all 1999 reflections,
then proceeded smoothly to convergence (recom-
mended shifts in the final cycle were less than one
tenth of the appropriate esd). The final values of R
and R,3 were 0.032 and 0.035 respectively (0.048 and
0.038 for the entire data set of 2482 structure factors),
with the error in an observation of unit weight :

1.29. Only 33 reflections were affected more than 3
percent by g : 2.2(2). Values for Fo and F" (X l0) are
listed in Table Ln Atomic coordinates and thermal
parameters along with their standard deviations esti-
mated from the inverted full matrix are given in Table
2. The r.m.s. components of thermal displacement,
and thermal ell ipsoid orientations appear in Table 3.

'The form of  the anisotropic thermal  e l l ipsoid is
exp f-(8,,h2 + P22k2 + l3e"l" + z!'"hk + 2ltshl + 2l3,skl)1.

3R@ =  [>w( lFo l  
-  

l f " l  ) " /ZwF ! ] t t z
o To obtain a copy of  Table l ,  order Document AM-77-046 f rom

the Mineralogical  Society of  America,  Business Off ice,  1909 K St.
N.W.,  Washington,  D.C. 20006. Please remit  in advance $1.00 for
a coov of  the microf iche.

Scattering factors for Zn, Fe, P, and O (neutral

atoms) were obtained from International Tables for
X-ray Crystallography (1974) and were corrected for
both real and imaginary anomalous dispersion com-
ponents. For H, the spherical scattering factor sug-
gested by Stewart et al. (1965) was used. Programs
util ized for solution, refinement and geometry calcu-
lations were local modifications of DnrelIB, DATA-
soRT, FoURIER, ORXFLS3, ORnnr3,  and Onrnp2. t

Discussion of the structure

Phosphophyll ite crystall izes with the topology dis-
played in Figure I and the bonding dimensions sum-
marized in Table 4. These results confirm the three-
dimensional framework proposed by Hil l (1975) us-
ing the method of distance least-squares (mean values
of Ax, A,y, and L,z for the two refinements are 0.06,
0.05, and 0.15 A respectively), although the two-
dimensional structure reported by Kleber et al.
(1961) remains essent ia l ly  in tact  (mean values for  Ax
and Lz are 0.05 and 0.1I  A) .

In detail, the structure consists of puckered sheets
of corner-sharing tetrahedra of O atoms parallel to
(100), interleaved with sheets of face-sharing vacant

and occupied O octahedra. Zn and P are distributed
equally among the tetrahedral sites to produce a net-
work of three- and four-membered rings identical to
that in hopeite (Hil l and Jones, 1976). Not unexpect-
edly, therefore, the deviations from ideal tetrahedron
shape within the layers are very similar in both miner-
als. The longer bonds from Zn and P to the trigonally
coordinated 0(6) atom, relative to other bonds
within each tetrahedron, correlate with the larger

sum of electrostatic bond strengths (Baur, 1970) and
with the narrower valence angles (Louisnathan and

Gibbs, 1972) associated with 0(6) as a result of ring
formation.

The Fe atom occupies one-quarter of the available
sites in the octahedral sheet (the remaining sites are
vacant), giving rise to a fairly regular polyhedron
with mean bond lengths close to the value 2.17 A

expected for Fe2+ in octahedral coordination (Shan-

non and Prewitt, 1969). The O(3) atom of the POn
group serves as the major l ink between the tetrahe-
dral and octahedral sheets. In phosphophyll ite this

atom has a trans relationship with respect to the other
(water) O atoms of the octahedron, consistent with

the centrosymmetry of the Fe site. In hopeite,

however, rhe (Zn) octahedron has mirror symme-

' Alf programs are included in the llorld List of Crystallographic

Computer Programs (3rd ed. and supplements).
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Table 2. Fractional atomic coordinates and temperature factor coeff icients for phosphophyl l i te

Atom 8 1 1  o r  B  B z z B t zB z t R ^ ^8 t :

F e 0
zn  50024  (3 )
P 68924(6)

o ( 1 )  - 4 6 ( 3 )
o ( 2 )  1 8 0 3 ( 3 )
o (3 )  8542 (2 )

0 ( 4 )  3 5 2 6 ( 2 )
o ( 5 )  6 6 L 7  ( 2 )
0  ( 6 )  s 8 6 0  ( 2 )

H ( 1 3 )  - 3 0 ( 4 )
H ( 1 3 i )  s 4 ( 6 )
H ( 2 s )  2 3 r ( 8 )
H ( 2 )  2 L 9 ( 8 )

0
31002  ( s )
28701  ( r L )

2958 (4)
2891 (s)
2582 (4)

7 28(3)
L 3 2 3 ( 4 )
r s 2 7  ( 3 )

2 7  6  ( 8 )
4 0 3  ( r r )
3 s 8  ( 1 7 )
Ls4 (L7)

2 s 0 ( 5 )  s 1 ( 7 )
2 4 e ( 3 )  - 3 1 ( 4 )
2 1 8  ( s )  7  ( 8 )

s e  ( 2 )  - 3 s  ( 4 )
7 8  ( 3 )  - 3 ( 4 )
3 3 ( 2 )  4 ( 3 )

6 2 ( 2 )  - r 7  ( 3 )
2 L ( 2 )  r 7  ( 3 )
43(2)  - r9  (3 )

L 3 e ( 4 )  4 t  ( 7 )
L 7 4 ( 2 )  - 4 ( 4 )
1 1 1 ( s )  - 2 8 ( 8 )

4 e ( 2 )  - 3 s  ( 3 )
45(2)  -8  (4 )
s (2)  - rL (2)

32(2) -16 (3)
12  (1 )  -7  (  3 )
34(2)  -17  (3 )

o  2 8 6  ( s )  6 8 9  ( 1 4 )
3 5 6 4 6 ( 3 )  3 2 1 ( 3 )  s 5 9  ( 8 )
L 9 4 7  6 ( 6 )  r 8 3  ( s )  4 7  8 ( r 7 )

L 3 e 2 ( 3 )  7 s ( 3 )  r 3 o ( 7 )
5 0 3 0 ( 3 )  s L ( z )  L 4 s ( 7 )
3 r s 8 ( 2 )  2 2 ( 2 )  8 5 ( s )

3420(2)  4L(2)  67  (5 )
s 8 2 ( 2 )  3 s  ( 2 )  L L 2 ( 6 )

2 4 4 5 ( 2 )  4 4 ( 2 )  1 9 ( s )

L e s ( 4 )  2 . 0 ( 8 )
r 7 7  ( 6 )  4 . 4 ( L 2 )
4 e 1 ( 8 )  8 ( 2 )
5 4 1 ( e )  1 0 ( 2 )

x Positional and thennal ?araneters x LO> for t-e, ZD,

positiornl panametet"s x lO3. parenthesizetl figut,es
tems of the Least significant fiqure to the Left.

P; , Lo4 fov, o. H atom

repyesen t  t he  e . s . d .  i n

Atom

Table 3 Magni tudes and or ientat ions of  the pr incipal  axes of
t he rma l  e l l i p so ids  i n  phosphophy l l i t e

try and the corresponding bridging O atom oc-
cupies a c i r  posi t ion,  thereby g iv ing r ise to a pr imi-
tive/orthohexagonal relationship between the unit
ce l ls  of  the two minerals  (Wol fe,  1940;  Gamidov e l
al., 1963). Since the tetrahedral portions of both
f rameworks are ident ica l ,  th is  re lat ionship a l lows the
structure of hopeite to be obtained in its entirety by
polysynthet ic  twinning of  the phosphophyl l i te  uni t
cell about the (100) plane (Gamidov et al., 1963:
Kawahara et al., 1973). In fact, the mode of coordi-
nat ion of  the Fe atom in phosphophyl l i te  is  the same
as that of the octahedrally-coordinated Zn atom in
the c losely re lated mineral  parahopei te (Kumbasar
and Finney,  1968;  Chao,  1969),  a l though the tet rahe-
dral sheet is composed only of four-membered rings
and the br idging atom is  t r igonal ly  coordinated in  the
lat ter  species.  Indeed,  the abi l i ty  of  the parahopei te
structure to accommodate a significant amount of Fe
(a long wi th Mg and Mn) in  the octahedral  s i te  (Hi l l
and Mi lnes,  1974) lends support  to  the suggest ion by
Kawahara et al. (1973) that phosphophyll ite, hopeite,
and parahopeite may be considered to be trim-
o rphous .

Anapai te,  lud lami te,  and swi tzer i te  are a lso
members of  Wol fe 's  (1940) fami ly  of  the type
As(PO1)r '4H2O. The f i rs t  two species have crysta l
s t ructures (Rumanova and Znamenskaya,  1960;
Abrahams, 1966) unre lated to those of  hopei te,  para-
hopei te,  and phosphophyl l i te ,  and a l though i ts  s t ruc-
ture is as yet undetermined, switzerite (Leavens and
White,  1967) a lso appears to be unique wi th in th is

R . m .  s .  d i s D l a c e -
A X 1 S  _  e t  ,

n e n t  ( A ) ^

A n o l o  i n  d o d r a o c  t ^

+0 +b +c

F e

Zn

0 . 0 9 r ( 1 )
0 . 1 0 3  ( 1 )
0 . 1 0 9  ( 1 )

0 . 0 8 5  ( r )
0 . 0 9 4 ( 1 )
0 . 1 1 4 ( r )

0 . 0 7 6  ( 1 )
0 . 0 8 s  ( 1 )
0 . 0 9 6  ( 1 )

0 . 1 0 7  ( 4 )
0 . 1 2 s  ( 4 )
0 . 1 9 0  ( 3 )

0 . 1 1 4  ( 4 )
o .  1 3 7  ( 4 )
o . 1 8 1  ( 3 )

0 . 0 8 8  ( 4 )
0 . 1 0 0 ( 3 )
0 . 1 4 5  ( 3 )

0 . 0 8 s  ( 4 )
0 . 1 2 0 ( 3 )
0 . 1 6 2 ( 3 )

0 . 0 8 7  ( 4 )
0 . 1 0 2 ( 4 )
0 . 1 4 3  ( 3 )

0  .  088  (4 )
0 . 0 9 3 ( 4 )
0 . 1 s 1 ( 3 )

0 . 1 6  ( 3 )
o  . 2 4  ( 3 )
o . 3 2 ( 4 )
0 . 3 5  ( 4 )

e 9  ( 3 )  2 8  (  3 )  1 0 8  ( 4 )
5 7  ( 6 )  1 0 8  ( 4 )  1 6 2 ( 4 )
3 5 ( 6 )  6 e ( 3 )  e 3 ( 6 )

7 6 ( 2 )  1 6 ( 3 )  1 0 4 ( 3 )
s 5 ( 1 )  r 0 4 ( 3 )  1 6 5 ( 3 )
3 8 ( 1 )  9 7  ( 1 )  8 4  ( 1 )

6 3 ( 7 )  1 s 1 ( 7 )  r r 2 ( 4 )
l s r ( 7 )  1 1 5  ( 7 )  7 s  ( s )
e8  (4 )  r 04  (3 )  27  (4 )

1 0 2 ( 8 )  4 r ( 7 )  5 0 ( 9 )
1 4 4 ( 4 )  1 1 9  ( 8 )  4 6 ( 9 )
5 7  ( 2 )  r t 6 ( 2 )  7 7 ( 2 )

9  ( 6 )  96  (1  )  r 28  (2 )
9 7 ( 7 )  1 7 0 ( s )  9 3 ( 5 )
8 4  ( 2 )  e 8  ( 3 )  3 8  ( 2 )

4 8 ( 6 )  8 7 ( 1 4 )  7 4 ( 5 )
74 ( r r )  160 (4 )  108 (s )

1 3 3 ( 3 )  1 o e ( 3 )  2 s ( 3 )

7 1 ( s )  2 2 ( 4 )  9 o ( 3 )
1 6 1 ( 5 )  7 2 ( 5 )  5 7  ( 3 )
e o  ( 3 )  r o 2 ( 2 )  3 3  ( 3 )

r r 2 ( 7 )  6 3 ( 6 )  2 1  ( 5 )
1 2 6 ( 5 )  5 6 ( 6 )  1 0 1 ( 9 )
4 4 ( 3 )  4 6 ( 3 )  1 r 5 ( 3 )

/ q ( 1 0 )  7 0 ( 3 0 )  r J 9 ( 2 j )
82 (29 )  r  5 r  ( 22 )  r  r 8  ( 28 )
63 (2 )  11 r (2 )  63 (2 )

H ( 1 3 )
H  (  1 3 i )
H ( 2 s )
H ( 2 )

r, ParerLthes'tzed f;-gures ref)Tesent
terms of the Least significant
Le f t .

tha ,  e , .  s  .  d .  rn

figure to the
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F ig l .  Un i t - ce l l  d i ag ramo f thephosphophy l l i t e c r ys ta l s t r uc tu re .The rma l  e l l i p so ids fo ra l l  a t oms (E fo rhyd rogense t : 0 .5A ' ) r ep resen t

50% probabi l i ty  surfaces Hydrogen bonds are indicated by dashed l ines.  Atoms outs ide the asymmetr ic  uni t  are label led wi th superscr ipt

Dnmes

chemical group. However, a structural similarity be-
tween phosphophyll ite and phosphosiderite (me-
tastrengite), based on X-ray powder data, has been
suggested by Strunz (1942) and subsequently con-
f i rmed by Moore (1966);  the arrangement of  POo
tetrahedra and Zn atoms is such that subcells within
the phosphophyll ite structure are closely related to
portions of the phosphosiderite framework.

Hydrogen bonding

The distance and angle parameters describing the
two water molecules and their associated hydrogen
bonds are given in Table 4. All four O-H distances
are within one esd of their average value, 0.76 A, and
are about 0.20 A shorter than the corresponding av-
erage distance measured by neutron diffraction
(Baur,  1972).  Simi lar  sh i f ts  of  the apparent  X-ray
hydrogen position toward the atom to which it is
bonded have been documented by a large number of
workers (Stewart et al., 1965; Hvoslef, 1968; Hanson
et al., 1973; Coppens, 1974), and are considered to
reflect the relatively large distortion of the hydrogen

atom electron density during formation of the O-H
bond. Under these circumstances, l i tt le credence can
be at tached to the r .m.s.  d isp lacements (Table 3)
derived from the hydrogen atom 'thermal' parame-

ters, and for this reason no attempt has been made to

apply a vibration correction to the Oa-H distances in
Table 4.

Both hydrogen atoms in the O( l )  water  molecule
participate in hydrogen bonds to O(3) across one of
the vacant octahedra within the octahedral sheet.
This configuration appears to be controlled by the
nonl inear i ty  of  the Fe-O(3)-P l inkage (132")  which

brings O(3) closer to O(l) than any other oxygen
atom. However,  the O( l ) -H.  .  .O(3)  angles a lso de-
viate from 180o, reflecting an attempt to reach a
compromise wi th the bonding requi rements of  O( l ) .
The resul tant  H-O( l ) -H bond angle,  101(4)o,  is  c lose
to the mean value of l09o documented for crystall ine
hyd ra tes  (Bau r ,  1972 ) .

In contrast, the hydrogen atoms in the O(2) water
molecule are directed toward the tetrahedral sheet.
The H(25) atom participates in a single hydrogen

\

U/"'g-
03'
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Table4. Phosphophyl l i te interatomic distances and angles*

P O  i a f r . h a d r ^ n. - / ,  ' *__* ' ' . ._-" Z n O 4  t e t r a h e d r o n FeO,  (HrO)  
O 

oc tahedron

P - o ( 4 ) r  1 . 5 0 8 ( 2 )

o ( 3 )  r . 5 2 4 ( 2 )

o ( 5 )  r . 5 3 4 ( 2 )

0 ( 6 )  r . s j 2 ( 2 )

a v e r a g e  =  f . 5 3 4 ( 1 )

o ( 4 )  r - o ( 3 )  2 . 4 e 8 ( 3 )

0 ( s )  2 . 5 t - 1 ( 3 )

o  ( 6 )  2 . 5 3 0  ( 2 )

o (  3 )  - o  ( s )  2 . 4 8 5  (  3 )

0 ( 6 )  2 . 5 3 1  ( 3 )

o  ( s )  - o  ( 6 )  2 . 4 6 8  ( 3 )

a v e r a g e  =  2 . 5 0 5 ( 2 )

1 O ( 4 ) r - P - O ( 3 )  1 r 0 . 9 ( r )

o ( 5 )  r 1 r . 3 ( r )

o ( 6 )  1 1 0 . 4 ( 1 )

o ( 3 ) - P - o ( s )  1 0 8 . 7 ( 1 )

o ( 6 )  1 1 0 . 0 ( 1 )

0 ( s ) - P - o ( 6 )  r 0 5 . 2 2 ( 9 )

ave rage  =  109 .4  ( 1 )

o ( 2 )

o,.i

zn-o (4)

o ( 5 )  t t

o  ( 6 )

o ( 6 ) a

average =

o ( 4 ) - , 0 ( 5 ) a l

0 ( 6 )

o ( 6 )  
l

o ( 5 ) 1 4 - o ( 6 )

o ( 6 )  
r

o ( 6 ) - o ( 6 ) a

average =

F e - O ( 1 )  2 . r I 9 ( 2 )  x  2

o ( 3 ) t t t  2 . 7 3 0 ( 2 )  x  z

o ( 2 ) t t  2 . t 4 r ( 2 )  x  z

a v e r a g e  =  2 . L 3 O ( 2 )

o ( 1 ) - o ( 3 ) r a l  3 . 0 6 0 ( 3 )  x  2

o ( 3 ) v  2 . 9 4 9 ( 3 )  x  z

o ( 2 ) t '  3 . 0 6 0 ( 3 )  x  z

o ( 2 ) v t  2 . 9 6 4 ( 3 )  x  z

o ( 2 ) " - o ( 3 ) ' 1 '  z . g ' t o ( t )  "  z

o ( 3 ) '  3 . 1 2 7 ( 3 )  x  2

ave rage  =  2 .956 (2 )

1o (1 ) -Fe -o (3 ) r r a  92 .7 r (8 )  x  2

o ( 3 ) '  8 7 . 8 9 ( 8 )  x  2

o ( 2 ) t t  9 1 . 8 3 ( 9 )  x  2

o ( 2 ) t t  8 8 . 1 7 ( 9 )  x  2

o ( 2 ) i v - F e - o ( 3 ) i i a  8 5 . s 9 ( 8 )  x  2

o ( 3 ) "  9 4 . 1 1 ( 8 )  x  2

average = 90

1 . 8 9 4  ( 2 )

1 . 9 3 3  ( 2 )

r . 9 7  9  ( 2 )

7 . 9 9 6  ( 2 )

r . 9 5 0  ( 1 )

3 . 1 9 0 ( 3 )

3 . 1 1 0 ( 3 )

3  . 2 4 6  ( 2 )

3 . 1 7 s  ( 3 )

3  . 2 2 1  ( 3 )

3  .  r 43  (2 )

3 . 1 8 2 ( 2 )

r o ( 4 ) - z n - o ( 5 ) 1 1  1 1 2 . 9 1 ( 8 )

o ( 6 )  1 0 6 . 8 5 ( 7 )

o ( 6 ) a  1 r 3 . 0 9 ( 8 )

o ( s ) l r - z n - o ( 6 )  1 0 8 . s 3 ( 8 )

o  ( 6 )  I  r 1 0 . 4 4  ( 8 )

o ( 6 ) - z n - o ( 6 ) 1  r 0 4 . 4 8 ( 5 )

ave rage  =  109 .4  ( 1 )

Water molecules

o
l l

r r ( 1 3 1 ) . . . 0 ( 3 ) r  0 . 7 5 ( 6 )  2 . 0 3 ( 6 )  2 . 7 2 4 ( 3 )  1 s 4 ( s )

H ( r 3 ) . . ' o ( 3 ) " '  o . 7 7 ( 4 )  2 . 1 6 ( 4 )  2 . 9 1 3 ( 3 )  1 6 8 ( 4 )

H ( 2 s ) . . . o ( s ) a  0 . 7 0 ( 8 )  2 . 0 1 ( 8 )  2 . 6 s o ( 3 )  1 6 5 ( e )

0 . 3 1  ( 9 )

1 ' 2 5 ( 4 )  r . r 7  ( 6 )
L25 (4)

1 r 9 ( 8 )  r . 2 4 ( e )

101  (4 )

u o ( 7 )

-x  r ' i ;1an . .os  o16 6n3/c ;  a re  quot . .J
f igures  reprcsent  the  e .s .d .  .Ln

formations for atons outside the

i .  l - x ,  I l 2 + y ,  L l 2 - z  i i i .  i - x ,

i i .  x ,  I / 2 - y ,  I l 2 + z  j v .  - x ,

i n  i ,  a n d  J e 3 n e e s  n e s o e n L J u e l J .  l o n e n t l  e s i z e :
terns of the Last decinal place. Symetr.T trans-
asgmetni,c unit:

y - I 1 2 ,  I / 2 - z  v .  x - 1 ,  I / Z - y ,  z - I / 2  v i i .  x - I ,  y ,  z

y - I / 2 ,  L / 2 - z  v i .  x ,  1 / 2 - y ,  z - 1 / 2

bond of  normal  d imensions to O(5) ,  the nearest  oxy-
gen to O(2), but the hydrogen bonding scheme for
H(2)  is  more d imcul t  to  determine:  0(6) ,  O( l )  and
O(3) are all more or less equidistant from H(2), while
O(3), O(l ) and O(4) give approximately equal values
of O(2). . .Oo. Moreover, all these distances are at the
upper l imit of the range of values observed for hydro-
gen bonds in other compounds (Baur, 1972).In addi-
tion, the balance of electrostatic bond strengths com-
puted from the empirical curves of Brown and
Shannon (1973),  inc luding the contr ibut ions of  . the
hydrogen bonds f rom al l  a toms except  H(2) , ' in-
dicates that O(3), O(4) and O(5) are underbonded by
a smal l  amount ,  whi le  0(6)  is  s l ight ly  overbonded.  I

therefore conclude that the O(2) water molecule is
anchored only by the H(25) hydrogen bond, thereby
explaining the relatively higher standard errors and
thermal parameters obtained for this group, es-
pecially H(2), during least-squares refinement. In
spite of this, however, the H-O(2)-H angle is quite
close to the expected value of 109o.

Although the symmetry of the FeOz(HzO)n octahe-
dron in phosphophyll ite is significantly different from
that of the ZnOr(HzO), octahedron in hopeite, the
hydrogen bonding scheme proposed for the latter
mineral  by Whi taker  (1975) is  essent ia l ly  analogous
to the one determined in the present study. Small
differences in atomic coordinates between the two
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structures have, however, stabilized a hydrogen bond
between H(35) and O(5) in hopeite, whereas the
equivalent atoms in phosphophyllite, H(2) and O(4),
form no such association.
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