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Molecular configurations at oxygen in natural and 
synthetic oxides (binary and ternary) and in beryl- 
lates, aluminates, silicates, germanares, phosphates 
and arsenates containing double and triple tetrahedra, 
single and double rings, or extended chains, are analy- 
sed in terms of a hard atom model: the configurations 
predicted by this model are in good overall agreement 
with those found experimentally. 

Introduction 

Intramolecular non-bonded atomic radii [l, 21 
have been used to rationalise [l-4] the configura- 
tions of a wide range of molecular species having inter 
bond angles greater than those expected on the basis 
of the VSEPR model. The basis of this rationalisation 
is the supposition that in a molecular fragment XMY, 
the lower limiting value of the angle O(MY is, for 
given XM and YM distances, determined by the non- 
bonded distances X...Y. O’Keeffe and Hyde, in a 
study [S] of the structures of binary and ternary 
oxides and nitrides based on cristobalite and stuffed 
forms thereof were able to rationalise in detail the 
bond angles MOM’ using this model. 

It has long been recognised that in many condens- 
ed silicates and phosphates, of both natural and 
synthetic origin, the interbond angles at bridging 
oxygen atoms are substantially larger than the ap- 
proximately tetrahedral value found in ethers. The 
interpretation of these wide angles in phosphates and 
silicates has generally followed that of Cruickshank 
[6] , who regarded the deviation of these angles from 
tetrahedral as a manifestation of n-bonding between 
occupied 2p orbitals on oxygen and formally unoccu- 
pied 3d orbitals on silicon or phosphorus. Cor- 
roborative evidence for the occurrence of such II- 
bonding is, however, poor [7, 81: furthermore, it 
appears that angles MOM’ in these compounds are, 
at least in some species, deformed fairly readily by 
intermolecular forces; thus in bis-(triphenylsilyl) 
chromate (Ph$iO)zCrOz, there are two crystallo- 
graphically distinct SiOCr angles, having values of 
133.1’and 162.7” respectively [9]. 

The purpose of this paper is to reconsider the 
observed bond angles in condensed silicates, 
germanates, phosphates and arsenates in terms of the 
non-bonded distances M....M’ in the bridging frag- 
ments MOM’, and so to attempt an alternative 
rationalisation of the observed angles aOM’. 

Binary and Ternary Oxides 

Silicon dioxide, SiOZ, exists in at least eight crys- 
talline forms, and in all except the very high pressure 
form stishovite [lo], which has been synthesised 
[1 I] from quartz at pressures greater than lo5 
atmospheres, and found [ 121 naturally occurring at 
Meteor Crater, Arizona, the silicon is four coordinate. 
The principal structural parameters of those forms 
containing four-coordinate silicon are summarised in 
Table I: all consist of three dimensional arrays of 
Si04 tetrahedra which differ in their mode of linkage. 
In coesite [13] for example, the groups are linked 
into rings of four tetrahedra, themselves linked into 
chains. Despite the wide range of SiOSi angles found 
in the polymorphs of SiOZ , from 143.4’ in low quartz 
[ 141, to 180” in tridymite [ 151, and for some of the 
angles in coesite [ 131, the range of Si....Si distances is 
remarkably small. Apart from the 3.20 A distance 
across the linear SiOSi bridges in coesite, the range is 
from 3.055 A in high-quartz [16] to 3.12 A in 
tridymite [15], all very close to the ideal 3.10 A 
expected [l] in the hard atom approximation. The 
stable form of germanium dioxide under ambient 
conditions has the rutile structure [17] , but there 
exists [18] also a form analogous to low quartz, 
having a Ge...Ge distance of 3.154 8, subtending an 
angle at oxygen of 130.1”; this Ge...Ge distance is 
very close to the 3.16 8, expected. 

A number of ternary oxides of general formula 
MmMV04 have structures closely related to some of 
the polymorphs of silicon dioxide, SirvSiW04, in 
which the cations are completely ordered. Thus BP04 
and BAs04 have structures [ 19 

h, B. 
analo ous to that of 

high cristobalite, in which the M . . ..M distances are 
2.74 A and 2.80 A respectively: similarly AlPOd and 
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TABLE I. Binary Oxides of Beryllium, Silicon and Germanium. 

Name Formula Space Group r(M--O)/A <(MOM)? r(M...M)obs/A r(M...M)e&A Ref. 

- Be0 C6mc 1.656 108.5 2.687 2.78 a 

High Cristobalite SiOs Fd3m 1.616 147.2 3.100 3.10 b 

Low Cristobalite SiOs P4r2r2 
P4s2,2 

1.605 146.8 3.075 3.10 c 

Tridymite SiOz P6s/mmc 1.56 180 3.12 3.10 d 

High Quartz SiOz P6*22 
P6422 

1.607 143.9 3.055 3.10 
e 

Low Quartz SiOz P3 r21 
P3s21 

1.610 143.4 3.057 3.10 
f 

Keatite 

Coesite 

SiOz 

SiOa 

P4r2r2 
P4s2,2 

c2/c 

1.58 
1.61 

1.59 

1.61 
1.61 

156 
146 

156 

148 
180 

3.09 
3.11 

3.11 

3.10 
3.20 

3.10 

3.10 

a 

h 

- GeOz P3,21 
P3s21 

1.739 130.1 3.154 3.16 
i 

aG. A. Jeffrey, G. S. Parry and R. L. Mozzi, J. Chem. Phys., 25, 1024 (1956). bA. F. Wright and A. J. Leadbetter,Phil. Mug., 31, 
1391 (1975). W. A. DoIlase, 2. Krist., 121, 369 (1965). 
Z. Krist., 12, 409 (1959). hRef 13. ‘Ref 18. 

dRef 15. eRef 16. fRef 14. aJ. Shropshire, P. P. Keat and P. A. Vaughn, 

TABLE II. Ternary Oxides M*r1MV04. 

Compound Space Group r(M’H--O)/A r(M”-O)/A <(M1lkrMV)c,bs,o r(MH1...MV)oba/A r(M1l!..MV)cale/A Ref. 

BP04 ITd 1.44 1.54 133 2.74 2.78 a 

BAs04 Idd 1.49 1.66 126 2.80 2.94 a 

AIP04 c222,e 1.70 1.56 146 3.11 3.11 a 

AlAsO P3,21 f 
P3s21 1.70 c 

GaP04 c222,e 1.78 1.56 139 3.12 3.17 b 

aRef. 19, bRef. 20. CRef. 21. dStructures in 14 are analogous to high cristobahte (Fd3m). eStructures in C222r are analogous 
to low cristobalite (P4r2r2, P432r2). fStructures in P3r21, P3221 are analogous to lowquartz (P3r21, P3221). 

GaP04, both of which are polymorphous, have forms 
similar to low cristobalite whose structures are known 
[20] ; the inter-cation distances are 3.11 A and 3.12 
A respectively, comparable with those expected. 
AlAsO has a structure like that of low quartz [21]. 
These structures are summarised in Table II. In addi- 
tion to these polymorphs there exists also a high 
cristobalite form of GaP04 : although the positions of 
the oxygen atoms were not determined [22], the 
Ga...P distance was found to be 3.10 A (cf: 3.11 A 
expected). Low quartz-like forms also are known of 
A1P04 (Berlinite) [23], GaP04 [24] and GaAs04 
[24], for which only the unit-cell dimensions have 
been reported. However, use of the same atomic 
coordinates as in AlAsO allows inter-cation distances 
to be roughly estimated for these polymorphs as 
follows: Al...P, 3.09 A; Ga...P, 3.10 A; Ga...As, 3.16 

A. By contrast, AISb04 [25] and GaSb04 [26] both 
crystallise with the rutile structure, with six-coordi- 
nate cations, and it is interesting to note that these 
antimony(V) oxides both fall in the (6,3) domain of 
the Mooser-Pearson plot [27], whereas save for 
GaAs04 which is a borderline example, all the other 
SiOz-like M”‘Mv04 species fall in the (4,2) domain. 
BiAs04 having both higher ri and higher Ax, is more 
ionic even than GaAs04, and adopts [28] the 
scheelite structure in which distinct M O4 anions can 
be discerned, and in which Mm is eight-coordinate: 
similarly the highly ionic ScP04 [29] and ScAs04 
[30] adopt the zircon structure, having eight-coordi- 
nate Mm. 

NOTE ADDED IN PKOOF (1.9.77): Synthetic low tridymite 
(Cc) has r(Si-O), 1.597 A; <(SiOSi),, 150.0”; r(Si-Si), 3.085 
A. (W. H. Baur, personal communicatron). 
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A further mixed oxide containing tetrahedrally 
coordinated non-metal atoms, which may be men- 
tioned here, is horlbathite [31] CaBezPzOs, in which 
there exists a three-dimensional framework of Be04 
and PO4 tetrahedra. The mean P--O and Be-O 
distances are 1.546 A and 1.615 A respectively: the 
mean BeOP angle is 128.1’ and the mean Be...P 
distance is 2.840 A, identical with the distance expec- 
ted. The expected angle <BeOP calculated from the 
hard-atom contact distance and the mean Be-O and 
P-O distances is 127.9”. 

much smaller. Similarly in the continuous forms of 
(P~os)~, no such constraints apply. 

Phosphorus forms a series of molecular oxides 
P406+n (n = O-4) of which the structures are known 
for all save that having n = 1: in addition phosphorus- 
(V) oxide exists in two continuous, non-molecular 
forms. The essential data are set out in Table III. It 
will be noted that in the molecular oxides, non- 
bonded distances Pm . ..Pm are very close to the 2.90 
A expected, but that Pm...Pv and Pv...Pv distances 
are somewhat shorter. Now inter-bond angles at 
three-connected phosphorus are generally below 
loo”, while those at four-connected phosphorus are 
usually quite close to tetrahedral. In a cage molecules 
such as P401,, , it is impossible, with the observed P-O 
bridging bond length, to accommodate both 
tetrahedral Pv and a limiting contact P...P distance: 
since the stretching of bonds is energetically the most 
expensive escape, the observed structure represents 
a compromise between the departures from the ideal 
P...P distance and the ideal OPO angles. No such 
problem arises at Pm since the OPO angle is already 

Arsenic(II1) oxide exists in both a molecular, 
As406, and a continuous form, which occur [32] 
naturally as arsenolite and claudetite, respectively. 
The molecular form has [33] an angle of 126” 
associated with an As...As distance of 3.21 A, 
essentially identical with the 3.22 A expected. The 
continuous form has [34] an As...As distance of 3.16 
A, subtending an angle of 123’ at oxygen. The struc- 
ture of anhydrous arsenic(V) oxide is unknown: the 
hydrate Asz05-5/3Hz0 is better described as HsAs3- 
Oie , and will be discussed below under chain-forming 
arsenates. 

Silicates and Gemanates 

There exists a wide range of silicates and germa- 
nates containing double tetrahedra, MzOy6 (M = Si or 
Ge), and the important structural data for these are 
set out in Table IV, along with those for a few triple 
tetrahedra. In addition to the species listed in the 
table, SczGezO, is known [35] to be isostructural 
with SczSizO,; NazCdaSiJOrO to contain [36] the 
same anion as Na&aaSiaOre, and LazGezO, to 
contain [37] the GeJOT,8 ion as found in Gd4(Ge04) 
GeaOi,,: furthermore the mineral rosenhahnite 
CaaSia09-Hz0 contains [39] the ion [(HO)O,SiOSi- 
(0,)OSi0,(OH)]-6. The ions whose structures have 
been accurately determined fall into two categories, 
those which are bent at bridging oxygen and those 

TABLE III. Oxides of Phosphorus and Arsenic. 

Compound Space Group r(M-G)/A <(MOM)/” r(M...M)obs/A r(M...M)calc/A Ref. 

p406 

P408 

p409 

p40 10 

p4010 

P2Os-II 

PzOs-III 

AS406 

(Arsenolite) 

As203 

(Claudetite) 

_ h 

c2/c 

R3c 

_ h 

R3c 

Fdd2 

Pnma 

_ h 

1.638 

1.596 
1.668 i 
1.576 
1.633 

I.590 
1.633 

1.604 

1.62 

1.65 

1.59 

1.80 

126.4 2.924 (P1ll...P1ll) 

121.2 2.781 (Pv...Pv) 

124.4 2.870 (Pv...PII1) 

130.1 2.962 (P1ll...P1ll) 

122.8 2.793 (Pv...Pv) 
126.8 2.920 (Pv...P”‘) 

123.5 2.826 (Pv...Pv) 

123.5 2.85 (PV...PV) 

133.7 2.91 (PV...PV) 

143.4 3.02 (PV. ..PV) 

126 3.21 (Asl*‘...Asl”) 

p21/c 1.80 123 3.16 (As”‘...As”‘) 

2.90 * 

2.90 a 

2.90 

2.90 
2.90 b 

2.90 
2.90 b 

2.90 c 

2.90 d 

2.90 e 

3.22 f 

3.22 a 

aB. Beagley, D. W. J. Cruickshank, T. G. Hewitt and K. H. Jost, Trans. Faraday Sot., 65, 1219 (1969). bB. Beagley, D. W. J. 
Cruickshank, T. G. Hewitt and A. Haaland, Trans. Faraday Sot., 63, 836 (1967). CD. W. J. Cruickshank, Acta Cryst., 17, 611 
(1964). dH. C. J. de Decker, Rev. Trav. Chim., 60, 413 (1941). eD. W. J. Cruickshank, Acta Cryst., 17, 679 (1964). *Ref. 33. 
eRef. 34. hVapour-phase determination by electron diffraction. ‘The authors (a above) refer darkly to a “strange quirk of the 
X-ray data”. 
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TABLE IV. Silicates and Germanates Containing Double and Triple Tetrahedra. 

C. Glidewell 

Compound Formula Space- 
Group 

r(M-O)/A r(M...M)/A <(MOM),& <(MOM),,le. Ref. 

Hemlmorphite 

Paracelsian 

Barrylite 

Tllleyite 

Bertrandite 

Lawsonite 

Ilvaite 

Epidote 

Zoisite 

Barysilite 
_ 

Hardystonite 

Fresnoite 

Perrierite 

MgChevnikite 

Co-Chevnikite 
- 

_ 

- 

_ 

- 

__ 

Thortveitite 
_ 

_ 

Kentrolite 
_ 

- 

- 

- 

Zunyite 

Zn4(OH)$iz07.Hz0 Imm2 
BaAl20Siz07 P2 l/C 
BaBe#iz07 Pna2, 

Ca$i207(CO3)2 P21/c 
Be&207(OH)2 Cmc21 
CaA12Si207(OH)2*H20 Cmcm 

CaFe$i207(OH)2 Pnma 

Ca#l, Fe)A1202H(Si04)Si207 P21/m 

Ca2A13(Si04)Si207(02H) Pnma 

MnPba(Si207)3 R% 

Pb$i20FPbPba(Si207)3 R% 

Ca2ZnSi207 P421m 

Ba2(TiO)Si207 P4bm 

Mg&a4Ti30&%07)2 P21/c 

Mg2Nd4Ti30a(Si2%)2 P21lc 

Co2Nd4Ti30a(Si207)2 P21lc 

Pr$$O7(low T) p41 

Pr2Si207(high T) P21lc 

Nd2Si207 p212121 
Sm2Si207(low T) p41 

Pnaf 1 
P4,2,2 

C2/m 

P21lc 
C2/m 

c2221 

P5 

PT 

c2/c 

PI 

F43m 

1.627 3.145 150.3 144.6 
1.65 3.24 158 140 
1.567 2.971 143.0 163.0 
1.65 3.27 164 140 
1.62 3.06 142 146 
1.65 3.05 135 140 
1.63 2.98 132 144 
1.72 3.26 143 129 
1.67 3.26 155 136 
1.69 3.10 133 133 
1.666 2.958 125.2 137.0 
1.649 3.084 138.4 140.1 
1.626 3.088 143.5 144.8 
1.637 3.248 165.6 142.5 
1.621 3.177 157.4 146.0 
1.634 3.204 157.3 143.1 
1.67 3.05 132 136 
1.619 2.948 131.1 144.0 
1.613 2.954 132.6 147.9 
1.649 2.985 129.7 141.1 
1.644 3.049 136.0 141.1 
1.672 3.287 158.7 136.0 
1.756 3.256 136.0 128.3 
1.605 3.210 180.0 149.9 
1.632 3.264 180.0 143.5 
1.626 3.252 180.0 144.8 
1.646 3.292 180.0 140.7 
1.61 3.22 180.0 149 
1.61 3.21 180 159 
1.716 3.130 131.6 129.2 
1.81 3.13 120 122 
1.63 3.26 180 144 

k 

aW. S. McDonald and D. W. J. Cruickshank, Z. Krist., 124, 180 (1967). bV. V. Bakakin and N. V. Belov, Kristallografiya, 5, 864 
(1960). CK. K. Abrashev, V. V. Ilyukhin and N. V. Belov, Kristallografya, 9, 816 (1964). dJ. V. Smith, Acta Cryst., 6, 9 (1953). 

eL. P. Solov’eva and N. V. Belov, Kristallografiya, 9, 551 (1964). fI. M. Rumanova and T. I. Skipetrova, Doklady Akad. Nauk. 
S.S.S.R., 124, 324 (1959). gN. V. Belov and M. I. Mokeeva, Tr. Inst. Krist. Akad. Nauk. S.S.S.R., 9, 47 (1954). hT. Ito, N. 

Morimoto and R. Sadanaga, Acta Cryst., 7, 53 (1954).‘E. G. Fesenko, I. M. Rumanova and N. V. Belov, Kristallografiya, I, 171 
(1956). jJ. Lajzerowicz, Acta Cryst., 20, 357 (1966). “W. Petter, A. B. Harnik and U. Keppler, Z. Krist., 133, 445 (1971). ‘S. J. 
Louisnathan, Z. Krist., 130, 427 (1969). mP. B. Moore and S. J. Louisnathan, Z. Krist., 130. 438 (1969). “C. Calvo and R. 
Faggiani, Amer. Mineral, 59, 1277 (1974). OJ. Felsche, Z. Krist., 133, 364 (1971). PRef. 39. SY. 1. Smolin, Y. F. Shepelev and 

I. K. Butikova, Kristallografiya, 15, 214 (1970). rRef. 35. sY. 1. Smolin, Y. F. Shepelev and A. P. Titov, Kristallografya, 17, 
857 (1972). %. Gabrielson, Arkiv. Mineral. Gcol., 3, 141 (1963). uI. Nariy-Szab6 and A. Kalman, Silikat-technik, 12, 316 
(1961). “G. Bassi and J. Lajzerowicz, Bull. Sot. Fr. Mineral. Crist., 88, 342 (1965). WRef. 36. xY. I. Smolin, Y. F. Shepelev and 

I. K. Butikova, Kristallografiya, 16, 911 (1971). YRef. 40. 

which are linear. However, the linear and non-linear 
classes are not essentially different: the mean value 
of h@I....M),b,-r(M....M)~c/ in the bent species is 
0.094 A, while the value for all the compounds in 
Table IV is 0.10 /i. The linearity in some of the 
lanthanide disilicates may be apparent only: thus in 
both Er2Si207 and Yb2Si207 (0 = IgO”), the temper- 

ature factors for the bridging oxygens are [39] much 
higher than for any other oxygen atom, while in Cd2 - 
Si207 (0 = 158.7’) and Nd2Si207 (0 = 132.64 the 
central-oxygen temperature factors are comparable 
with those of the other oxygens: it is possible that 
the SiOSi bending potentials in the erbium and ytter- 
bium compounds have two minima with a shallow 
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barrier, so that the thermally averaged structure 
appears to be linear with a large temperature factor. 
However, whatever the true position of the bridging 
oxygen in these species the Si...Si distance is 
unaffected. Smolin and Shepelev ascribe [39] the 
variations in Si-0 bond order, and hence in bond 
length to the different polarisations of the anion by . 
the several cations: this variation in r(Si-O), taken 
together with r(Si...Si), gives rise to the observed 
variations in the SiOS angle. In zunyite [40], the 
SisO;b’* anion has the constitution Si(OSiO& ‘*, and 
the SiOSi bridges are linear by symmetry. 

Silicates containing single and double rings are 
listed in Table V: in addition to the single-ring species 
listed, the compounds Ca2BaSia0a, BaTiGeaOB and 
SraGe309 all appear [41, 421 to contain M303 rings. 
With very few exceptions the Si...Si distances in the 
single-ring compounds are very close to the 3.10 A 
anticipated from the hard-atom model, and the corre- 
spondence of observed an calculated angles SiOSi is 
also in general good. The anion S&O;;6 consists [43] 
of two crystallographically independent SiaOa rings 
with coincident triads, joined together by three SiOSi 
bridges: the Si...Si distances within the two rings are 
2.98 8, and 3.03 A respectively, while the inter-ring 
distance is 3.06 A.The Sia anions SisO;t and SiaOra- 

(OH)? consist of [44-46] approximately cubic 
arrays of silicon atoms with oxygen briges along each 
edge and a single terminal oxygen on each silicon: 
again the mean Si...Si distances in the three examples 
of this type, 3.13, 3.12 and 3.13 A respectively, are 
very close to the 3.10 A expected. In millarite [47], 
the Si1205er2 anion consists of two S&O6 rings joined 
together via six SiOSi briges: the Si...Si distance 
within the rings is 3.24 A and between them 3.11 A. 
Osumilite (Na, K, Ca)(Mg, Ferr),(Al, Fen, Fe”‘),(Si, 
Al)r203e*H20 appears [48] to be isostructural with 
millarite. Eudialite, Na1zCa6Zr3Fe3(Si309)2(Si~02,)2 
contains [49] both Si303 rings and Si909 rings: in 
the smaller rings, Si...Si is 3.00 A and in the larger 
2.98 A. 

Silicates and germanates containing long chain 

(MO,),*” are listed in Table VI: they may be 
classified into orthorhombic, monoclinic and triclinic 
series. These pyroxenes and related species conform 
very closely to the predictions of the hard atom 
model, as may be seen from the mean values of 160 I = 

i<(MOM)ob, - <(MOM)d,.l and of l&l = Ir(M... 
M)obs-r(M.,.M)~~l. Mean values of 168 1 are for the 
orthorhombic, monoclinic and triclinic series, 6.3”, 
3.4”, and 6.1” respectively, with an overall mean of 
5.2O, while the corresponding mean values of l&,1 are 
0.076 A, 0.033 A and 0.047 A, with an overall mean 
of 0.055 A. In addition to those species listed in Ta- 
ble VI, MgGe03, MnGeOa and CoGeOa are isostruc- 
tural [50] with hypersthene, and FeGeO, is isostruc- 
tural [51] with clinoenstatite: however calculation of 
r(Ge...Ge) is not thought to be worthwhile until 

accurate atomic coordinates are available. Similarly, 
Li2Si03 is isostructural [52] with Na2Si0s, and 
BaSiO, (high-temperature form) with [53] BaGeOa. 
Three phases of composition LiAl(SiOJ)2 have been 
structurally characterised: spodumene, LiAl(SiOa)2 -1, 
is a monoclinic pyroxene (C2/c) in which r(Si..Si) is 
[54] 3.01 A and <(SiOSi) is 138”: the high tempera- 
ture form fl-spodumene, LiA1(Si03)2-II, on the other 
hand is [55, 561 a stuffed keatite, crystallising in 
P4r2r2 and P43212, in which there are three indepen- 
dent Si...Si distances of 3.183 A, 3.186 A and 3.143 
A subtending angles at the bridging oxygens of 
150.7’, 154.0” and 143.6” respectively: the expected 
minimum values are 140.9”, 142.9” and 139.1” 
respectively. A further high temperature form, LiAl- 
(SiOa)* -111 is [57] a stuffed high quartz, crystallising 
in P6*22 and P6,22, in which the aluminium and 
silicon atoms are distributed at random in the posi- 
tions (3~): the (Al,Si)...(Al,Si) distance is 3.181 A, 
which may be compared with the expected r(Si...Si), 
3.10 8, and r(Al...Al), 3.32 8; the observed angle 
<(Al, Si)O(Al, Si) is 15 1.6”. Non-pyroxene chains are 
formed in sillimanite [58] and andalusite [59], 
A12Si05. The chains in sillimanite have the backbone 
(AlOSiO), with both aluminium and silicon having 
four-coordination; the other half of the aluminium 
atoms are in six-coordinated sites; the mean Si...Al 
distance is 3.104 A (expected 3.21 A) and the Al...Al 
distance is 3.27 A (expected 3.32 A). In andalusite, 
the chain-forming aluminium atoms are five-coordi- 
nate, with r(Al...Si) = 3.05 A. Mullite (composition 
range (A1203)2*Si02-(A1203)3(Si02)2) is similar 
[59] to sillimanite (Al,SiO,; A120a*Si02), but with 
aluminium and silicon disordered in the tetrahedral 
sites. 

The silicate framework in vlasovite, Na2ZrSi40r1, 
consists [60] of chains whose links are based on 
Si404 rings: there are three independent Si...Si 
distances of 3.061 A, 3.049 A and 3.024 A (mean 
3.045 A) subtending angles at bridging oxygen of 
146.1”, 141.5” and 137.9” respectively: the values 
of l6e I are 5.2’, 5.9” and 8.3” (mean 6.5”). Cavansite, 
Ca(VO)Si40r0*4H20, is similar [61]. Litidionite, 
CuNaKSi401e contains [62] tubular chains of tetra- 
hedra, which may be regarded as arising from the 
notional condensation of two vlasovite-type chains: 
the mean Si...Si distance observed is 3.064 A, very 
close to the 3.10 A expected; <(SiOSi) is found to be 
142.5”, and the calculated value is 144.8”. Tubular 
chains are found also in narsarsukite, Na2(TiO)Si40re 
in which <(SiOSi) is 139.9’, r(Si...Si) is 3.055 8, and 
<(SiOSi)dc is 144.8”. In K4Si80r8, which contains 
[64] double chains of Si40r0 rings, there are seven 
independent SiOSi angles ranging from 133.5” to 
148.0” (mean 141.5”): however the Si...Si distances 
all lie in the range 3.003 A to 3.099 A, (mean 3.065 
A) all very close to the expected 3.10 A. In natrolite, 
Na2AlzSi30r0 *2H20, the aluminium and silicon 



TABLE V. Silicates Containing Single and Double Rings. 

Compound Formula Space Group r(Si-O)/A r(Si...Si)/A < (SiOSi),b.P -4SiOSiL.k.P 

CQ 
h) 

Ref. 

Single rings 

Benitoite 

Wadeite 

Catapleite 

Margarosanite 

Pectolite 
- 

Papagoite 

BaTi(SisOa) 

KzZr(SisOa) 

NaaZr(SisOa).2H20 

Ca2Pb(Sis0a) 

CaaNa(HSis0.a) 

KdHdhOd 
Ca2Cu2A12(Si4012)(OH)a 

P&2 

P63lm 

P6 s/mmc 

Pi 

pi 

p2,/c 

C2/m 

Taramellite J&U+, Ti, W~6i4012)(OHh Pmmn 

Tugtupite Na4BeAl(Si40 t$Cl Id 

Kainosite Ca2Ln2(Si40t2)COs~H20 Pnma 

Nenadkevichite Pbam 

Beryl 

Dioptase 

Lovozerite 

Scawtite 

(Na, KM% TMO, OHh- 
(Si40r2).4H20 

Be3~2~Si6018) 

Cu&&01a)‘6H20 

Na2Zr(HsSieOra)*%NaOH 

Ca7(Si60ta)COs’2H20 

P6/mcc 

R3 

c2 

C2/m 

Double rings 

- 

_ 

- 

Ekanite 

Millarite 

(Niens)s(Sie0ts).26H20 P63 

(Cuen2)&ia0~).38H20 pi 

(Coens)2[SiaOra(OH)2] 16*4H,O p21/c 

KTh(Ca, Na)#iaOu, P4/mcc 

KCa2Be2Al(Sir2030).1/H20 P6/mcc 

1.65 

1.59 

1.73 

1.677 

1.651 

1.63 

1.571 

1.611 

1.619 

1.667 

1.651 

1.629 

1.606 

1.606 

1.646 

1.610 

1.621 

1.70 

1.54 

1.595 

1.658 (x2) 

1.638 (x4) 

2.91 

2.96 

2.96 

2.930 

3.095 

3.07 

2.941 

3.041 

3.236 

2.985 

3.060 

3.082 

3.129 

3.129 

3.097 

3.212 

3.131 

3.12 

2.99 

3.089 

3.167 

3.085 

124 

137 

118 

121.8 

139.2 

141 

138.8 

141.4 

176.0 

127.1 

135.9 

140 

154 

127 

135.1 

139.7 

144 

161.2 

148.4 

146.4 

136.8 

139.7 

142.2 142.2 

153.9 

153.9 

140.4 

172.1 

150.0 

133 

155 

151.1 

145.5 

140.7 

ca. 

149.7 

149.7 

140.7 

148.6 

146.0 

132 

180 

152.7 

138.4 

142.3 

1.643 3.021 133.9 141.3 

1.618 3.131 151.5 146.7 

1.618 3.124 149.9 146.7 

1.601 3.127 151.8 151.0 

1.644 3.106 141.7 141.1 

1.631 3.240 166.7 143.7 

h 

j 

k 

1 

In 

n 

0 

‘W. H. Zachariasen, Z. Krist., 74, 139 (1930). bD. H. Henshaw, Min. Mag., 30, 585 (1955). CB. Brunowsky, Acta Physicochem. U.R.S.S., 5, 863 (1936). dR. L. Freed and D. R. 

Peacor, Z. Krist., 128, 213 (1969). eC. T. Prewitt, Z. Krist., 125. 298 (1967). fW. Hilmer, Acta Cryst., 17, 1063 (1964). gC. Guillebert and M. T. Le Bihan, Bull Sot. Franc. Mineral. 

.n 

Crist., 88, 119 (1965). hF. Mazzi and G. Rossi, Z, Krist., 121, 243 (1965). iM. Dane, Acta Cryst., 20, 812 (1966). j1. M. Rumanova, G. F. V. Volodina and N. V. Belov, Kristallo- 

s 

B 
srafya, II, 549 (1966). kG. Perrault, C. Boucher, J. Vicat, E. Cannillo and G. Rossi, Acta Crysf., B29, 1432 (1973). ‘W. L. Bragg and J. West, Proc. Roy. Sot., IIIA, 59 (1926). 
mH. G. Heide, K. Boll-Dornberger, E. Thilo and E. M. Thilo, Acta Ckyst., 8, 425 (1955). “V. V. Ilyukhin and N. V. Belov, Kristallografiya, 5, 200 (1960). OJ. J. Pluth and J. V. 

Smith, Acta Cryst., 829, 73 (1973). PRef. 43. qRef. 45. ‘Ref. 46. SRef. 44. tRef. 47. 
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Compound Formula 

3 - a 
Space Group r(M-O)/A r(M...M)/A <(MOM),b,P <(MOM)c&-’ IWP -I&I IA Ref. z 

F 

Orthorhombic 

Enstatited MgSiOJ Pbca 

Protoenstatite 

_ 

MgSi03 

MgZn(SiO& 

Pbcn 

Pbca 

- ZnSi03 Pbca 

Hypersthened Mgo.93Fel.&SiWz Pbca 

- Na4ZnCd(SiO& Fdd2 

Stokesite CaSn(SiO&2H20 Pnna 

Ramsayite 
- 

- 

- 

- 

- 

Na2Tiz03(SiO& 

Na2Si03 

Na2Ge03 

CuGeO3 

BaGe03 

MnGe03 

Pbcn 

CmcZl 

Cmc2, 

CmcZ1 

P&2121 

Pbca 

- CmcZl 

Monoclinic 

Clmoenstatite MgSiO3 

- (Cao. t&fgo.xFeo.s&% 

Diopside 

Johannsenite 

Jadeite 
- 

- 

Searlesite 

CaMg(SiO& 

CaMn(SiO& 

NaAl(SiO& 

NaIn(SiO& 

ZnSi03 

NaBSi20sOH 

- CoGe03 
- CdGeO3 

Alamosite PbSiO3 

P2,lc 

w/c 

cz/c 

c2/c 

c2/c 

c2/c 

c2/c 

p21 

c2/c 

C2lc 

P2/c 

1.654 
1.675 

1.65 

1.639 
1.659 

1.629 
1.642 

1.648 

1.692 

1.632 
1.633 

1.665 

1.672 

1.85 

1.82 

1.90 

1.803 
1.791 

1.797 

3.047 
3.011 

3.15 

3.057 
3.025 

3.071 
3.052 

3.064 

3.190 

3.223 
3.064 

2.985 

3.075 

3.02 

2.94 

3.06 

3.175 
3.242 

3.377 

1.65 3.07 
1.72 3.05 

1.64 3.07 
1.66 3.07 

1.68 3.11 

1.688 3.133 

1.632 3.060 

1.649 3.120 

1.626 3.071 

1.615 3.095 
1.621 3.034 
1.617 3.047 

1.793 3.096 

1.83 3.19 

1.635 3.09 

134.2 
128.0 

145 

137.7 
131.5 

141.0 
136.7 

136.8 

141.0 

161.8 
139.5 

127.4 

133.7 

110 

108 

107 

123.4 
129.7 

140.0 

137 
125 

139 
135 

136 

136.3 

139.3 

142.2 

141.6 

146.8 
138.7 
140.8 

119.4 

121 

148 

139.1 
135.4 

140 

142.1 
138.2 

144.2 
141.4 

141.3 

132.7 

143.5 
143.3 

137.2 

135.9 

117 

120 

112 

122.4 
123.8 

123.1 

140 3 0.03 
129 4 0.05 

142 3 0.03 
138 3 0.03 

135 1 0.01 

133.3 3.0 0.033 

143.5 4.2 0.040 

140.1 2.1 0.020 

144.8 3.2 0.029 

147.4 0.6 0.005 
145.9 7.2 0.066 
146.9 6.1 0.053 

123.6 4.2 0.064 

119 2 0.03 

143 5 0.01 

4.9 0.053 
7.4 0.089 

5 0.05 

4.4 0.043 
6.7 0.075 

3.2 0.029 
4.7 0.048 

4.5 0.036 

8.3 0.090 

18.3 0.123 
3.8 0.036 

9.8 0.115 

2.2 0.025 

7 0.14 

12 0.22 

5 0.10 

1.0 0.015 
5.9 0.082 

16.9 0.217 



Foshagite Ca&iO&(OH)2 Pi 1.617 3.194 162.0 146.9 15.1 0.094 x 

Rhodonite (Mn, Ca)SiOs Pi 1.649 3.062 136.4 140.1 3.7 0.038 y 

Bustamite CaMn(SiO& pi 1.614 3.184 161 147.6 13.4 0.084 

1.653 3.054 135 138.2 4.3 0.046 = 

1.659 3.087 137 138.2 1.2 0.013 

Nambulite (Li, Na)Mn&Sis0140H) pi 1.652 3.089 138.7 139.5 0.8 0.011 aa 

Babingtonite Fe”Fe”‘Caz(SisOr40H) pi 1.641 3.058 137.5 141.7 4.2 0.042 bb 

aN. Morimoto and K. Koto, Z. Krist., 129, 65 (1969). bJ. V. Smith, Acta Cryst., 12, 515 (1959). CN. Morimoto, Y. Kakajima, Y. Syono, S. Akimoto and Y. Matsui, Acta Cryst., 
B31, 1041 (1975). dIn the system (Mg, Fe)Si03, phases having Fe0 < 5% are usually called enstatite, and phases having Fe0 > 14% are called hypersthene (cfi ref. 32). eS. Ghose, 

ZKrist., 122, 81 (1965). fM. A. Simonov and N. V. Belov, Doklady Akad. Nauk. S.S.S.R., 164, 406 (1965). gA. Vorma, Mineral. Mug., 33, 615 (1963). hN. V. Belovand L. M. 

Beljaev, Doklady Akad. Nauk. S.S.S.R., 69, 805 (1949). ‘W. S. McDonald and D. W. J. Cruickshank, Acta Cryst., 22, 37 (1967). j Y. Ginetti, Bull. Sot. Chim. Belg., 63, 460 (1954). 
kY. Ginetti, Bull. Sot. Chim. Belg., 63, 209 (1954). ‘W. HiImer, Acta Cryst., 15, 1101 (1962). mJ. H. Fang, W. D. Townes and P. D. Robinson, Z. Krist., 130, 139 (1969). “B. 

Aurivillius, C. I. Lindblom and P. Stenson, Acta Chem. Stand., 18, 1555 (1964). ON. Morimoto, D. E. Appelman and H. T. Evans, Jr., Z. Krist., 114, 120 (1960). PB. Warren and W. 

L Bragg, Z. Krist., 69, 168 (1928). SR. L. Freed and D. R. Peacor, Am. Mineral., 52, 709 (1967). ‘C. T. Prewitt and C. W. Burnham, Am. Mineral., 51, 9.56 (1966). SA. N. 

Christensen and R. G. Haze& Acta Chem. Stand., 21, 1425 (1967). tS. Ghose and C. Wan, Am. Mineral., 61, 123 (1976). UD. R. Peacor, Z. Krist., 126, 299 (1968). “A. N. Kornev, 

L. N. Dem’yanets, B. A. Maksimov, V. V. Ilyukhin and N. V. Belov, Kristallografiya, 17, 289 (1972). WM. L. Boucher and D. R. Peacor, Z. Krist., 126, 98 (1968). xJ. A. Gard and 

H. F. W. Taylor, Acta Cryst., 13, 78.5 (1960). YD. R. Peacor and N. Niizeki, Z. Krist., 129, 98 (1963). ‘D. R. Peacor and M. J. Buerger,Z. Krist., II 7, 331 (1962);Woliastonite, 
CaSi03, is almost identical: D. R. Peacor and C. T. Prewitt, Am. Mineral., 48, 588 (1963). aaH. Narita, K. Koto, N. Morimoto and M. Yoshii, Acta Cryst., B31, 2422 (1975). bbA. L. 

Kosoi, Kristallografiya, 20, 730 (1975). 



Intramolecular Non-bonded Radii 

atoms are [65] fully ordered in four-coordinate sites, 
being linked into complex rings of five tetrahedra: 
the SiOSi angle is 143.4’ and r(Si...Si) is 3.095 A: the 
hean Si...Al distance is 3.17 A, close to the 3.21 w 
expected. The alumino-germanate NazAlzCe3010- 
2H20 is [66] isostructural as is [67] scolecite, 
CaAl&Olo*3Hz0. 

Phosphates and Arsenates 

Pertinent structural data for phosphates and 
arsenates containing double and triple tetrahedra are 
set out in Table VII. A number of diphosphates 
M$rPzO, occur in two polymorphs, a low-tempera- 
ture a-phase and a high temperature P-phase: the (Y- 
phases generally have r(P...P) close to the 2.90 w 
expected but in &MgzPz07 [68], fl-CuzPzO, [69] 
and /3-ZnzPzO, [70], the POP fragment is linear, 
although in each example the central oxygen atom 
undergoes large amplitude thermal motion. Similarly 
Mg,AszO, is apparently linear at the bridging oxy- 
gen, but this atom is in fact disordered [71] : never- 
theless r(As...As) at 3.342 A is substantially larger 
than the 3.22 A expected. Co2As207, although 
crystallising in Cl, appears [72] to be very similar the 
Cz/m structure of thortveitite SczSiz07, so that again 
the AsOAs fragment is linear or very nearly so. In 
ZrPzO,, while the value of r(P...P) may not be very 
precise [73] , the POP group must be linear, from a 
consideration of the special positions occupied in 
Pa3: the bridging oxygen occupied positions (4b) at 
(%, Yz, ‘h) etc. and phosphorus occupies (8~) at (x, x, 
x), (2, X, x3 etc. with x = 0.39, a = 8.20 A. Isostruc- 
tural with ZrP?O-, are compounds MP207 (M = Si, 
Sn, Pb, Ti, Hf [73], U [74], Th [75]) but for none 
of these has x been determined. In addition to this 
cubic phase of SiP,O, [73], two monoclinic phases 
have been studied, and data for these are listed in 
Table VII. Excluding the linear or apparently-linear 
species, which are undoubtedly anomalous and 
incompletely understood, the mean value of 160 1 for 
the compounds in Table VII is 5.4”, and the mean 
value of (&.I is 0.058 A indicating remarkably good 
agreement with the hard atom model. 

Cyclic oligophosphates again display configura- 
tions in remarkable accord with the predictions of the 
hard atom model: the data are recorded in Table 
VIII, and for these compounds the mean value of ISo I 
is 2.6’, and the mean value of 16,l is 0.030 A. In 
addition to these oligophosphates, two cyclic phos- 
phimates have been examined: in sodium cyclo- 
triphosphimate tetrahydrate [76] Na3(NHP0&- 
4Hz0, 8NP is 122.7” (talc. 119.0”) and r(P...P) is 
2.954 A, while in cyclotetraphosphimic acid dihy- 
drate [77], H4(NHP0&*2Hz0 (=(H30+)z Hz- 
(NHP02)T2), r(P...P) is 2.960 8, associated with 
QNP = 126’: the value expected from the hard atom 
model is 122’. 

85 

Structural data for linear polyphosphates and 
polyarsenates are recorded in Table IX. With the 
exception of one of the P...P distances in Cd(P03)2 
[78], the POP fragments have structures closely in 
accord with those expected; the mean values of 16@ I 
and l&l are 3.9” and 0.042 A respectively. Hg(P03)2 
is [7X] isostructural with Cd(PO&, and Mg(NH4)- 

(PO313 and Co(NH.+)(PO,), are [79] isostructural 
with Ni(NH,)(P03)3. In H5As3010, two thirds of the 
arsenic atoms are [80] tetrahedrally coordinated, and 
the remainder are octahedral. 

Beryllates and Aluminates 

Rather few condensed beryllates and aluminates 
have been structurally characterised. In euclase, AlBe- 
(Si04)OH, the anion consists [81] of chains of 
composition [Be2(OH)2(Si04)2] i 6n in which the 
(BeOBeO), backbone carries bridging Si04 groups: 
the Be...Be and Be...Si distances are 2.78 A and 2.88 
A respectively (expected values 2.78 A and 2.94 A); 
the observed BeOBe and SiOBe angles are 118” and 
124’ respectively, comparable with the 118” and 
129” calculated. Viyrynenite, (Mn, Fe)Be(P04)0H, 
has [81] a structure similar to euclase, but with PO4 
groups acting as bridges along the (BeOBeO), chain. 
In this mineral the Be...Be and Be...P distances are 
2.74 A and 2.76 A respectively (expected 2.78 w and 
2.84 A); the observed values of <BeOBe and <BeOP 
are 113’ and 120” respectively, and the correspon- 
ding calculated values are 116” and 126”. 

The compound Ba[A10(OH)2] 2 contains [82] 
chains of A102(OH)2 tetrahedra: the Al..& distance 
is 3.197 _& (hard atom value [2] 3.32 A) associated 
with an AlOAl angle of 134.4” (calculated value 
146.24 indicative of some steric compression: in Kz- 
[Al,O(OH),] the Al...Al distance is [83] 3.155 A 
and the AlOAl angle is 131.5” (calculated 147.14. 
Ca1,Na2(A16018)2 contains [84] (AlO& rings in 
which the aluminium atoms are four-coordinate: the 
Al...Al distance is 3.423 A, associated with an AlOAl 
angle of 154.8” (calculated 141.24. The phase of 
composition 1 1Ca0*7A1203-CaF2 contains [85] a 
network of linked AlO tetrahedra: r(Al...Al) is 3.28 
A and <(AlOAl) is 137” (calculated 1410). 
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TABLE VII. 

NM’20 7 

Na4P207. IOH 

Nas(HaPs0+6H20 

K4P2O7.3H2O 

Ks(HP207)+3H20 

KAlPsO7 

SiP207-III 

SiP2071V 

a-MgsP207 
o-Ca2P207 

ar-Sr2P207 

ffCOsPaO7 

o-Ni2P207 

(rCu2p207 

a-ZnaP207 

p212121 

c2/c 

c2/c 

P21lc 

p21/c 

p2 l/C 

p21/c 

p21/0 

p2 l/C 

p21/c 

Pnma 

p21/c 

p21/c 

c2/c 

cc 

P-MgsP2 07 C2/m 

PCa2P207 P41 

@CuZP& 

P-Zn2P207 

Mn2P2O7 

Cd2P2O7 

ZrP207 

Na4As207 

Mgz AS207 

NasPsOro-I 

NasPsOto-II 

Zna(HPs0ro).6H20 

C2/m 

C2/m 

C2/m 

pi 
Pa3 

c2/c 

C2/m 

c2/c 

c2/c 

pi 

Pi 

Pi 

1.637 2.936 127.5 124.7 

1.612 2.924 130.2 128.2 

1.598 2.964 136.1 130.3 

1.636 2.969 130.3 124.8 

1.615 2.956 132.8 128.5 

1.607 2.827 123.2 128.9 

1.589 2.979 139.2 131.7 

1.59 2.91 132 132 

1.591 3.026 144.0 131.4 

1.597 2.895 130.0 130.4 

1.598 2.905 130.7 130.3 

1.583 3.003 143.1 132.7 

1.602 2.981 137.0 129.7 

1.58 3.10 157 133 

1.582 3.041 148.0 132.9 
1.603 3.003 139.0 129.5 

1.557 3.114 180 137.3 

1.603 2.991 137.8 129.5 
1.627 2.955 130.5 126.1 

1.542 3.084 180 140.2 

1.569 3.138 180 135.1 

1.571 3.142 180 134.7 

1.625 2.972 132.3 126.3 

1.56 3.12 180 137 

1.783 3.141 123.5 129.1 

1.671 3.342 180 149.0 

1.64 2.87 122 124 

1.64 2.87 122 124 

1.613 2.912 129.0 128.0 
1.607 2.915 130.2 128.9 

1.612 2.936 131.2 128.2 
1.611 2.901 128.4 128.3 

1.60 2.92 132 130 
1.62 2.92 129 127 

2.8 

2.0 

5.8 

5.5 

4.3 

5.7 

7.5 

0 

12.6 

0.4 

0.4 

10.4 

7.3 

24 

15.1 
9.5 

42.7 

8.3 
4.4 

39.8 

44.9 

45.3 

6.0 

43 

5.6 

31.0 

2 

2 

1.0 
1.3 

3.0 
0.1 

2 
2 

0.036 

0.024 

0.064 

0.069 

0.056 

0.073 

0.079 
0.01 

0.126 

0.005 
0.005 

0.103 

0.081 

0.20 

0.141 
0.103 

0.214 

0.091 
0.055 
0.184 

0.238 
0.242 

0.072 

0.22 

0.079 

0.122 

0.03 

0.03 

0.012 
0.015 

0.036 
0.001 

a 

b 

e 

d 

e 

f 

a 
h 

i 

j 
k 

1 

m 

n 

0 

P 

9 

r 

S 

r 

t 

u 

” 

w 

x 

Y 

z 

aa 

0.02 
0.02 

bb 



aK. Y. Leung and C. Calve, Canad. J. Chem., 50, 2519 (1972). bW. S. McDonald and D. W. J. Cruickshank, Acta Cryst., 22, 43 (1967). CR. L. Collins and M. WiUis,Acta Ckyst., 
B27, 291 (1971). dY. Dumas and J. L. Galigne,Acta 0ysf.. B26, 390 (1970). ‘Y. Dumas, J. L. Galigne and J. Falgueirettes,Acta Cryst., B29, 1623 (1973). fH. N. Ng and C. Calve, 
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TABLE VIII. Cyclic Phosphates. 

Compound Space Group r(P-O)/A r(P...P)/A <(Pobhs/” <(PO%IlcP ISSIP l&l /A Ref. 

NM’309) 
NM’309PH20 
Nas(PsO$6H20 

LiK2(P309)*H20 

Sr s(PsG& - 7Hz0 

BadP@9k6H20 

Pnma 

Pi 
p2 l/C 

Pnma 

pi 

Ba2Zn(P309)2.10H20 c2/c 

Cd3(P309)2.10H20 p21/c 

&dP$&J-H2O pi 

NW&‘40 12) Cmca 

NadP40,2)4H20 P21lc 

h(P4012)-4H20 pi 

c2/c 

SrK2(P40,2) 

cu2@40 12) 

A14@‘40 12)3 

n4(p4012) 

Na4WH4)(P@l5)-4H20 

%i(Ptj018)‘6H20 

p21/c 

I& 

c2/c 

I43d 

Pd2iC 

Pi 

Ccmb 

1.615 2.889 126.9 121.7 0.8 0.011 

1.620 2.861 124.1 127.0 2.9 0.039 

1.613 2.866 125.4 128.0 2.6 0.034 

1.613 2.908 128.7 128.0 0.7 0.008 

1.617 2.896 127.3 127.5 0.2 0.004 

1.612 2.886 127.0 128.2 1.2 0.014 

1.610 2.882 127.0 128.5 1.5 0.018 

1.620 2.895 126.6 127.0 0.4 0.005 

1.601 2.908 131.1 129.8 1.3 0.008 

1.612 2.885 127.1 128.2 1.1 0.015 

1.615 2.933 130.5 127.1 2.8 0.033 

1.609 2.953 133.2 128.6 4.6 0.053 

1.597 2.978 137.6 130.4 7.2 0.078 

1.605 2.908 129.9 129.2 0.7 0.008 

1.590 2.929 134.2 131.6 2.6 0.029 

1.595 2.986 138.8 130.8 8.0 0.086 

1.609 2.912 129.7 128.6 1.1 0.012 

1.598 2.869 127.7 130.3 2.6 0.031 

1.590 2.959 137.0 131.6 5.4 0.059 

1.51 2.87 144 148 4 0.03 

1.63 2.99 133 126 7 0.09 

1.605 2.915 130.5 129.2 1.3 0.015 

1.615 2.903 128.1 121.1 0.4 0.003 

g 
h 

i 

k 

1 

m 

aH. M. Ondik, Acfa Crysf., 16, A31 (1963). bH. M. Ondik, Acta Cryst., 18, 226 (1965). ‘I. Tordjman and J. C. Guitel, Acta Crys?., B32, 1871 (1976). dE. D. Eanes and H. M. 

Ondik, Acta Cryst., 15, 1280 (1962). eI. Tordjman, A. Durif and J. C. Guitel, Acta Crysf., B32, 205 (1976). ‘R. Masse, J. C. Guitel and A. Durif, Acfa Cryst., B32, 1892 (1976). gA. 

Durif, M. T. Averbuch-Pouchot and J. C. Guitel, Acta Cryst., 831, 2680 (1975). hM. T. Averbuch-Pouchot, A. Durif and J. C. Guitel, Acta Crysf., B 32, 1894 (1976). iM. Bagieu- 

Beucher, A. Durif and J. C. Guitel, Acta Cryst., B31, 2264 (1975). jC. Romers, I. A. A. Ketelaar and C. H. MacGillavry, Acta Crysf., 4, 114 (1951). kH. M. Ondik, S. Block and 

C. H. MacGillavry, Acta Cryst., 14, 555 (1961). ‘H. M. Ondik, Acfa Cryst., I7, 1139 (1964). m A. G. Nord and K. B. Lindberg, Acta Chem. Stand., A29, 1 (1975). “I. Tordjman, 

R. Masse and J. C. Guitel, Acta Cryst., B32, 1643 (1976). “I. Tordjman, C. Martin and A. Durif, BUZZ. Sot. Fr. Mineral. Crist., 90, 293 (1967). PM. Laught, J. C. Guitel, I. Tordjman 

and G. Bassi, Acta Cryst., 828, 201 (1972). qL. Pauling and J. Sherman, Z. Krisr., 96, 481 (1937). rJ. K. Fawcett, V. Kocman and S. C. Nyburg, Acfa Cryst., 8.30, 1979 (1974). 

SK. H. Jost, Acta Cryst., B28, 732 (1972). tA. McAdam, K. H. Jost and B. Beagley, Acfa Cryst., B28, 2740 (1972). 



TABLE IX. Linear Polyphosphates and Polyarseantes. 

Compound Space Group r(M-o)/A r(M...M)/A <(MGM)ob,P IQlP l&l /A 

Nap03 P2,/c 1.62 2.86 124 127 3 0.04 * 3 

1.59 2.96 136 131 5 0.06 
? 
g 

Nap03 WC 1.57 2.93 139 136 3 0.03 b 2. 
1.59 2.93 135 132 3 0.03 % 

ti 
KP03 P21lc 1.61 2.91 130 129 1 0.01 c B 1.60 2.92 132 130 2 0.02 .“: 

RbP03 P211c 1.62 2.92 129 128 1 0.02 d 

A@'03 p211c 1.60 2.83 125 131 6 0.07 a 
1.59 2.93 134 132 2 0.03 

Cd(PG& Pbca 1.56 3.06 157 137 20 0.16 e 
1.57 2.82 128 135 7 0.08 

m(po3)2 WC 1.561 2.946 141.5 136.5 5.0 0.046 f 

Yb(P03)3 p21/c 1.59 2.96 137 131 6 0.06 g 
Ri(POa)a p21/c 1.593 2.951 135.8 131.1 4.7 0.05 1 h 

CuLi(PO& p212121 1.590 2.912 132.8 131.6 1.2 0.012 i 

NadW'03)3 pi 1.610 2.925 130.7 128.5 2.2 0.025 j 
NiVW)P03)3 R3 1.61 2.89 128 128 0 0.01 k 

CuNadPOh c2/c 1.589 2.927 134.0 131.7 2.3 0.027 1 

CdBa(PO& p21/c 1.590 2.951 136.3 131.6 4.7 0.051 m 

CoK2(P03)4 cc 1.594 2.971 137.9 130.9 7.0 0.071 n 

CuK2(P03)4 cc 1.596 2.963 136.7 130.6 6.1 0.063 n 

BiH(P03)4 pi 1.588 2.925 133.9 131.9 2.0 0.025 0 

RazCu(PG&i P211c 1.593 2.921 133.1 131.1 2.0 0.021 P 

LiAs03 c2/c 1.766 3.188 129.0 131.5 2.5 0.032 9 
NaAsOs Pi 1.773 3.205 129.3 130.5 1.2 0.015 r 

1.691 t 

1.871 ’ 

1.688 t 

1.833 o 

3.225 

3.142 

129.4 

132.3 

s 

0.078 

aKurrol’s salt, type A: K. H.Jost, Actu Cryst., 14, 844 (1961). bKurrol’s salt, type B: K. H. Jost, Acfu Cryst., 16, 640 (1963). CK. H. Jost,Acfu Cryst., 16, 623 (1963). dD. W. J. 

Cruickshank, Acta Cryst., 17, 681 (1964). eRef. 78. fK. H. Jost, Actu Cryst., 17, 1539 (1964). gH. Y. P. Hong, Acta Cryst., B30,‘1857 (1974). hK. Palkina and K. H. Jost, Act4 
Cryst., B31, 2281 (1975). iM. Laugt, I. Tordjman, J. C. Guitel and M. Roudaut, Actu Cryst., B28, 2352 (1972). %. H. Jost, Act4 Cryst., 15, 951 (1962). kRef. 79. lM. Laught, I. 

Tordjman, J. C. Guitel and M. Roudaut, Act4 Cryst., 828, 2721 (1972). mM. T. Averbuch-Pouchot, A. Durif and J. C. Guitel, Actu Cryst., B31, 2453 (1975). “M. Laught, I. 

Tordjman, G. Bassi and J. C. Guitel, Actu C’ryst., B30, 1100 (1974). OK. Palkina and K. H. Jost, Actu Cryst., B31, 2285 (1975). PM. Laugt and J. C. Guitel, Act4 Cryst., B31, 1148 
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