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The crystal structure of phosphophyllite
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Abstract

Phosphophyllite from Potosi, Bolivia, Zn,Fe(PO,),-4H,0, is monoclinic and crystallizes in
space group P2,/c, witha = 10.378(3), b = 5.084(1), ¢ = 10.553(3) A, 8 = 121.14(2)°, and Z =
2. The structure has been solved by Patterson and Fourier methods from 1999 Zr-filtered
MoK« data and refined by full matrix least-squares (including the hydrogen atoms) to R =
0.032 (R, = 0.035). The framework consists of [Zn,P,0,] tetrahedral sheets identical to those
in hopeite, interleaved with [FeO-4H,0] octahedral sheets similar to those in parahopeite.

Introduction

Phosphophyllite from Hagendorf, Bavaria, Zn,
(Fe,Mn)(PO,),-4H,0, was first described by Laub-
. mann and Steinmetz (1920), but has been docu-
mented at relatively few other localities since then
(Hill, 1976). Nevertheless, a large number of studies
have suggested close relationships between the crystal
structure of phosphophyllite and that of hopeite
(Steinmetz, 1926; Wolfe, 1940; Gamidov et al., 1963;
Liebau, 1965; Kawahara et al., 1973), and para-
hopeite (Kumbasar and Finney, 1968; Chao, 1969).
Although the topology of hopeite and parahopeite
is now known with some degree of precision (Hill
and Jones, 1976; Chao, 1969), the phosphophyllite
structure has been determined from two-dimensional
X-ray data only (Kleber er al., 1961), with the y
coordinates estimated on the basis of interatomic
distances within the inferred coordination polyhedra.
Moreover, the framework determined by Kleber et
al. contains a number of unusually short O--.O non-
bonded distances, and one distance which arises from
the sharing of an edge between a ZnO, and a PO,
tetrahedron. Based on an alternative interpretation of
the published [010] projection, Hill (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 Villiger, 1969) and converged to a struc-
ture essentially identical, except in the vicinity of the
octahedral sites, to that of hopeite. The present three-
dimensional X-ray refinement was initiated in order
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to determine which of the above models pertains to
phosphophyllite.

Experimental

A roughly equidimensional cleavage fragment of
phosphophyllite from Potosi, Bolivia (crystal volume
= 5.6 X 107® c¢cm®) was oriented with the ¢ axis
parallel to the ¢ axis of a Picker FACS 1 four-circle
diffractometer. Detailed chemical, optical, and X-ray
data for material from this locality have been re-
ported by Hill (1976); unit-cell dimensions from that
study have been included in the abstract. X-ray in-
tensity data for the structure analysis were collected
at 24°C using Zr-filtered MoKa radiation (A =
0.71069 A) and a 26 scan rate of 2° per minute.
Backgrounds were determined from 10-second sta-
tionary counts at both ends of each dispersion-cor-
rected (Alexander and Smith, 1964) scan range (min-
imum width = 2.4° in 28). A total of 6285 reflections
with 26 <75° and / = 0 were measured, using three
reflections to monitor instrument and crystal stability
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 u
value of 70.22 cm~') effects. Symmetry-equivalent
and multiply-measured reflections were averaged (by
weight) to yield 2482 unique structure factors, each

! esd’s, given in parentheses, refer to the last decimal place.
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with a standard deviation estimated from the equa-
tion ¢ = [of + (0.031)?]°5/21"%, where [ is the cor-
rected raw intensity and o, is derived from counting
and averaging statistics. Of these data only those
1999 observations with 7 > 20; were included in the
subsequent least-squares refinement.

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 minimization of Zw(|F,| — |F¢|)?
where F, and F. are the observed and calculated
structure factors, and w = 1/0% Refinement with
isotropic temperature factors converged with a con-
ventional R value of 0.055. Refinement with aniso-
tropic temperature factors® 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 utilizing only those
data with sinf/\ < 0.4 A~! was computed, and peaks
ranging from 0.49 to 0.882A~*® were found for the
four hydrogen atoms in the asymmetric unit. There
were also a small number of other peaks with max-
imum density 1.35¢A~* (less than 10% 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, 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 F; and F, (X 10) are
listed in Table 1.* 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 ellipsoid orientations appear in Table 3.

2 The form of the anisotropic thermal ellipsoid is
eXp [_(ﬁnh2 + Bak® + Baal® + 2810k + 28,0 + 2ﬁzakl)]-

SR, = [Ew(|F)| — |Fo| B/ZwF2)

* To obtain a copy of Table I, order Document AM-77-046 from
the Mineralogical Society of America, Business Office, 1909 K St.
N.W., Washington, D.C. 20006. Please remit in advance $1.00 for
a copy of the microfiche.

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
utilized for solution, refinement and geometry calcu-
lations were local modifications of DATALIB, DATA-
SORT, FOURIER, ORXFLS3, ORFFE3, and ORTEP2.?

Discussion of the structure

Phosphophyllite crystallizes with the topology dis-
played in Figure 1 and the bonding dimensions sum-
marized in Table 4. These results confirm the three-
dimensional framework proposed by Hill (1975) us-
ing the method of distance least-squares (mean values
of Ax, Ay, and Az for the two refinements are 0.06,
0.05, and 0.15 A respectively), although the two-
dimensional structure reported by Kleber er al.
(1961) remains essentially intact (mean values for Ax
and Az are 0.05 and 0.11 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 (Hill 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 O(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 O(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 Fe?* in octahedral coordination (Shan-
non and Prewitt, 1969). The O(3) atom of the PO,
group serves as the major link between the tetrahe-
dral and octahedral sheets. In phosphophyllite 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, the (Zn) octahedron has mirror symme-

5 All programs are included in the World List of Crystallographic
Computer Programs (3rd ed. and supplements).
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Table 2. Fractional atomic coordinates and temperature factor coefficients for phosphophyllite

Atom & u # 811 or B Boo B33 Bi2 B13 B23
Fe 0 0 0 286(5) 689(14) 250(5)  51(7) 139(4)  47(7)
Zn 50024(3) 31002(5)  35646(3) 321(3) 559(8)  249(3) =31(4) 174(2) -4(4)
P 68924(6) 28707(11) 19476(6) 183(5) 478(17) 218(5) 7(8) 111(5) -28(8)
0(1) -46(3)  2958(4) 1392(3)  75(3) 130(7) 59(2) -35(4)  49(2) -35(3)
0(2) 1803(3)  2897(5) 5030(3)  51(2) 145(7) 78(3)  -3(4)  45(2) -8(4)
0(3) 8542(2)  2582(4) 3158(2)  22(2)  85(5) 33(2) 4(3) 5(2) -11(2)
0(4) 3526(2) 728(3) 3420(2)  41(2)  67(5) 62(2) -17(3)  32(2) -16(3)
0(5) 6617(2)  1323(4) 582(2)  35(2) 112(6) 21(2)  17(3)  12(1) -7(3)
0(6) 5860(2)  1527(3) 2445(2)  44(2)  79(5) 43(2) =19(3)  34(2) -17(3)
H(13) -30(4) 276(8) 195(4) 2.0(8)

H(131) 54(6) 403(11) 177(6) 4.4(12)

H(25) 231(8) 358(17) 491(8) 8(2)

H(2) 219(8) 154 (17) 547(9)  10(2)

* Positional and thermal parameters x lO5 for Fe, Zn, P; x 104 for 0. H atom

positional parameters x 10°.

Parenthesized figures represent the e.s.d. in

terms of the least significant figure to the left.

Table 3. Magnitudes and orientations of the principal axes of
thermal ellipsoids in phosphophyllite

Atom Axis

R.m.s. displace-

Angle in degrees to

ment (R)* +a +b +c

i 0.091(1) 99(3) 28(3) 108(4)

Fe 2 0.103(1) 57(6)  108(4)  162(4)

3 0.109(1) 35(6) 69(3) 93(6)

1 0.085(1) 76(2) 16(3)  104(3)

Zn 2 0.094(1) 55(1)  104(3)  165(3)

3 0.114(1) 38(1) 97(1) 84(1)

1 0.076(1) 63(7)  151(7)  112(4)

P 2 0.085(1) 151(7) 115(7) 75(5)

3 0.096(1) 98(4)  104(3) 27(4)

1 0.107(4) 102(8) 41(7) 50(9)

(1) 2 0.125(4) 144(4) 119(8) 46(9)

3 0.190(3) 57(2)  116(2) 71(2)

1 0.114(4) 9(6) 96(7)  128(2)

0(2) 2 0.137(4) 97(7) 170(5) 93(5)

3 0.181(3) 84(2) 98(3) 38(2)

- 1 0.088(4) 48(6) 87(14)  74(5)

0(3) 2 0.100(3) 74(11)  160(4)  108(5)

3 0.145(3) 133(3)  109(3) 25(3)

1 0.085(4) 71(5) 22(4) 90(3)

o(4) 2 0.120(3) 161(5) 72(5) 57(3)

3 0.162(3) 90(3)  102(2) 33(3)

1 0.087(4) 112(7) 63(6) 27(5)

0(5) 2 0.102(4) 126(5) 56(6)  101(9)

i 0.143(3) 44(3) 46(3)  115(3)

1 0.088(4) 29(10) 70(30) 139(23)

a(6) 2 0.093(4) 82(29) 151(22) 118(28)

3 0.151(3) 63(2) 111(2) 63(2)
H(13) - 0.16(3)
H(131) - 0.24(3)
H(25) - 0.32(4)
H(2) = 0.35(4)

* Parenthesized figures vepresent the e.s.d. in

terms of the least significant figure to the

left.

try and the corresponding bridging O atom oc-
cupies a cis position, thereby giving rise to a primi-
tive/orthohexagonal relationship between the unit
cells of the two minerals (Wolfe, 1940; Gamidov et
al., 1963). Since the tetrahedral portions of both
frameworks are identical, this relationship allows the
structure of hopeite to be obtained in its entirety by
polysynthetic twinning of the phosphophyllite unit
cell about the (100) plane (Gamidov et al., 1963;
Kawahara er al., 1973). In fact, the mode of coordi-
nation of the Fe atom in phosphophyllite is the same
as that of the octahedrally-coordinated Zn atom in
the closely related mineral parahopeite (Kumbasar
and Finney, 1968; Chao, 1969), although the tetrahe-
dral sheet is composed only of four-membered rings
and the bridging atom is trigonally coordinated in the
latter species. Indeed, the ability of the parahopeite
structure to accommodate a significant amount of Fe
(along with Mg and Mn) in the octahedral site (Hill
and Milnes, 1974) lends support to the suggestion by
Kawahara et al. (1973) that phosphophyllite, hopeite,
and parahopeite may be considered to be trim-
orphous.

Anapaite, ludlamite, and switzerite are also
members of Wolfe’s (1940) family of the type
A4(PO,),-4H,0. The first two species have crystal
structures (Rumanova and Znamenskaya, 1960;
Abrahams, 1966) unrelated to those of hopeite, para-
hopeite, and phosphophyllite, and although its struc-
ture is as yet undetermined, switzerite (Leavens and
White, 1967) also appears to be unique within this
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Fig 1. Unit-cell diagram of the phosphophyllite crystal structure. Thermal ellipsoids for all atoms (8 for hydrogen set =

chemical group. However, a structural similarity be-
tween phosphophyllite and phosphosiderite (me-
tastrengite), based on X-ray powder data, has been
suggested by Strunz (1942) and subsequently con-
firmed by Moore (1966); the arrangement of PO,
tetrahedra and Zn atoms is such that subcells within
the phosphophyllite 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). Similar shifts 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

0.5 A?%) represent
50% probability surfaces. Hydrogen bonds are indicated by dashed lines. Atoms outside the asymmetric unit are labelled with superscript
primes,

atom electron density during formation of the O-H
bond. Under these circumstances, little credence can
be attached to the r.m.s. displacements (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 Oy~H distances in
Table 4.

Both hydrogen atoms in the O(1) 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
nonlinearity of the Fe-O(3)-P linkage (132°) which
brings O(3) closer to O(1) than any other oxygen
atom. However, the O(1)-H- - -O(3) angles also de-
viate from 180°, reflecting an attempt to reach a
compromise with the bonding requirements of O(1).
The resultant H-O(1)-H bond angle, 101(4)°, is close
to the mean value of 109° documented for crystalline
hydrates (Baur, 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
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Table 4. Phosphophyllite interatomic distances and angles*

PO4 tetrahedron Zn0, tetrahedron FeOZ(H20)4 octahedron
P—O(A)i 1.508(2) Zn-0(4) 1.894(2) Fe-0(1) 2.119(2) x 2
0(3) 1.524(2) o(sy 1.933(2) o3t 2.130(2) x 2
0(5) 1.534(2) 0(6) 1.979(2) o)V 2.141(2) x 2
0(6) 1.572(2) 0(6)* 1.996(2) average = 2.130(2)
average = 1.534(1) average = 1.950(1) O(l)—O(B)iii 3.060(3) x 2
0w o0(3) 2.498(3)  o(4)-0(5) T 3.190(3) oY 2.949(3) x 2
0(5) 2.511(3) 0(6) 3.110(3) o)™ 3.060(3) x 2
0(6) 2.530(2) o¢e)* 3.246(2) oVt 2.964(3) x 2
0(3)-0(5) 2.485(3)  0(5)""-0(6) 3.175(3) o) V-0(3)** 2.910(3) x 2
0(6) 2.537(3) 0¢6)* 3.227(3) oY 3.127(3) x 2
0(5)-0(6) 2.468(3) 0(6)—0(6)1 3.143(2) average = 2.956(2)
average = 2.505(2) average = 3.182(2) LO(l)—Fe—O(3)iii 92.11(8) x 2
(004 -p-0(3) 110.9(1)  0(&)-zn-0(5)"T  112.93(8) 0(3)" 87.89(8) x 2
0(5) 111.3(1) 0(6) 106.85(7) o™ 91.83(9) x 2
0(6) 110.4(1) 0(6)L  113.09(8) oVt 88.17(9) x 2
0(3)-P-0(5)  108.7(1) 0(5) ~zn-0(6)  108.53(8) 0(2)*V-¥e-0(3)**" 85.89(8) x 2
0¢6)  110.0(1) 0(6)" 110.44(8) oY 94.11(8) x 2
0(5)-P-0(6)  105.22(9) 0(6)-Zn-0(6)" 104.48(5) average = 90
average = 109.4(1) average = 109.4(1)
Water molecules
0, H U 04 HeeeD O ree0,  LOg-H-=+0  [Fe=0g-H HeeeH [H-0,-H
H13H -0t 0.78 ) .
0L (137) ( iii 75(6)  2.03(6) 2.724(3)  154(5) 125(4) 1.17¢6)  101(4)
H(13)-++0(3) 0.77(4) 2.16(4) 2.913(3)  168(4) 125(4)
0¢2) H(zs)---o(s)i 0.70(8) 2.01(8) 2.690(3) 165(9) 119(8) 1.24(9) 110¢7)
H(Z) 0.81(9)

. Q . .
* Distances and angles are quoted in A and degrees respectively. FParenthesized

figures represent the e.s.d. in terms of the last decimal place.

Symmetry trans-

formations for atoms outside the asymmetric unit:

i, 1-x, 1/24y, 1/2-2
x, 1/2-y, 1/2+z

iii.

o i iv.

i-x, y-1/2,
-x, y-1/2,

1/2-2z v.
1/2-z

x-1, 1/2~y, z-1/2 vii. x-1, y, z
x, 1/2-y, z-1/2

vi.

bond of normal dimensions to O(5), the nearest oxy-
gen to O(2), but the hydrogen bonding scheme for
H(2) is more difficult to determine: O(6), O(1) and
O(3) are all more or less equidistant from H(2), while
0(3), O(1) and O(4) give approximately equal values
of O(2)- - - O,. Moreover, all these distances are at the
upper limit 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), including the contributions of the
hydrogen bonds from all atoms except H(2),Iin-
dicates that O(3), O(4) and O(5) are underbonded by
a small amount, while O(6) is slightly overbonded. 1

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 109°.

Although the symmetry of the FeO,(H;0), octahe-
dron in phosphophyllite is significantly different from
that of the ZnO,(H,0), octahedron in hopeite, the
hydrogen bonding scheme proposed for the latter
mineral by Whitaker (1975) is essentially 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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