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A COMPARISON OF THEORETICAL AND OBSERVED BRIDGING BOND
LENGTHS AND ANGLES IN CONDENSED PHOSPHATES AND SULFATES
by

William Joseph Dytrych

(ABSTRACT)

Ab initio STO-3G* MO calculations for the diphosphoric
acid (H4P207) and disulfuric acid (H28207) molecules repro-
duce the bridging bond length and angle averages observed
in solid phosphates and sulfates. Potential energy curves
calculated for both molecules relate the observed bridging
bond length and angle variations in their solids. Orbital
population analyses for both molecules suggest that all
five 3d-orbitals play a role in bonding instead of just the
two proposed by Cruickshank (1961). The accuracy with which
the molecular geometries account for the averages and trends
observed in related solids supports the assertion that the
local bonding forces in solid phosphates and sulfates behave

as though they are short range.
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Introduction

Computational quantum chemistry is a powerful method
for studying the microscopic properties of chemical bonding.
In the last decade, it has found use in many areas in
chemistry where the calculations have successfully generated
geometries, potential enerqgy surfaces spectra and chemical
reactions for a variety of small molecules. Recently, these
calculations have been used in mineralogy as a tool for ob-
taining quantitative information about the structures, charge
density distributions and bonding in minerals. These calcu-
lations reproduced the Brown-Shannon bond strength-bond
length curves (Gibbs, 1982), and they have been used to
mimic the bond length, angle and bond strength sum variations
for a number of silicates (Newton and Gibbs, 1980; Gibbs et
al., 1981; Newton, 1981; Downs and Gibbs, 1981; Chakoumakos
et al., 1981; Geisinger, 1983). The success of the silicate
calculations suggests that the forces that bind the atoms
together and govern bond length and angle variations behave
as though they are short range. The purpose of this study
is to extend similar calculations to phosphate and sulfate
molecules.

The molecules chosen for the calculations in this
study are diphosphoric acid (H4P207) and disulfuric acid
3- and P,O 4- ions

4 277
by Lager and Gibbs (1973) and on the 8042- ion by Louisnathan

(H28207). Previous work on the PO

et al. (1977) has been done. Semi-empirical extended Huckel



theory (EHT) was used to rank the tetrahedral bond lengths
with Mulliken overlap populations. EHT is only qualitative
because electrostatic interactions are not explicitly taken
into account. Ab initio self-consistent field (SCF) methods
can be used to calculate bond lengths and angles. Two
studies on H4P207 (Hayes et al., 1975; Hayes et al., 1978)
have used the ab initio SCF method to calculate hydrolysis
energies in biological reactions. The primary focus of this
study is to see whether bond lengths and angles calculated
for two phosphate and sulfate molecules support the proposal
that bonding forces behave as though they are short range.
Experimental values will be compiled from the literature.
Orbital populations will be examined to see the role
played by the d-orbitals. Pauling (1952) proposed d-orbital
participation to account for the contraction of observed
P-O0 bond lengths relative to the hypothetical single-bond
P-0 bond length. Cruickshank (1961) developed this idea
further through group theoretical arguments in which a
double system of n-orbitals extended throughout the diphos-
phate molecule. The system predicted PO(bridging) bonds to
be longer than PO(nonbridging) bonds. Cruickshank held

however that only two of the five 3d-orbitals, dz2 and

dxz—yz’ of phosphorus were responsible for this delocalized

n-system. Subsequent EHT overlap calculations for P-O bonds

by Bartell et al. (1970) agree with Cruickshank's total 3d

population, but apportion usage instead to all five



3d-orbitals. The adaptability of the diphosphate anion
and its m-system to a wide range of structures (Mandel,
1975) is due to the strong influence of cationic effects
(Calvo, 1965, 1967; Corbridge, 1974). A cation disturbs
the m-orbital system of the anion (Calvo and Au, 1967),
to give electron delocalization from the anion to the
cation (Calvo, 1967). Because the bridging oxygen is so
inert (Collin and Willis, 1971; Pletcher and Sax, 1972;
Schneider and Collin, 1973), this cationic effect is a
result of bonding to nonbridging oxygen atoms. Consequently,
the bridging bond length PO(br) is lengthened with respect
to the PO(nbr) bonds (Calvo, 1967; Calvo and Au, 1969).
The orbital populations of the sulfates will be
studied to examine the role played by the d orbitals. As
McDonald and Cruickshank (1967b) noted in their refinement
of the structure of S3O9 (y—SO3), there is a difference in
the bridging and nonbridging S-O bond lengths which is more
pronounced than is observed for the P-O bond lengths of
Na3P309. Given the analogous bonding of condensed phos-
phates and sulfates, the findings on phosphates will be
extended to S-0 bond lengths, providing an explanation of
d-p m-bonding in solid polysulfates. In a study of the
polyhedral distortions in phosphates, Baur (1974) offers
the observation that: "Most phosphate tetrahedra deviate
significantly in their dimensions from the values expected

for a regular tetrahedral arrangement." With respect to



condensed phosphates, the polymerization of corner sharing
PO4 tetrahedra which generates all such phosphate struc-
tures (Corbridge, 1974) also distorts any given tetrahedron
from ideal Td point symmetry (Nord and Kierkegaard, 1980).
This tetrahedral distortion receives expression through a
given structure's bond lengths and angles, as found by
Faggiani and Calvo (1976). 1In their study of the CdK2P207
structure, Faggiani and Calvo find that the phosphorus atom
is displaced from the center of the tetrahedron toward the
nonbridging oxygen atoms. This produces a bridging bond
PO(br) = 1.64 A that is much longer than the average of the
three nonbridging bonds, PO(avg) = 1.51 A.

The same "bond length inequality-tetrahedral distortion"
association is observed in condensed sulfates. In their 1960
study of K28207, Lynton and Truter have found a nearly tri-
gonal, as opposed to ideally tetrahedral, symmetry about the
sulfur atoms. DeVries and Mijlhoff (1969) make a similar
observation concerning the terminal sulfur atoms of K285016'
These sulfur atoms are shifted from the centers of their
tetrahedra towards the three nonbridging oxygen atoms, re-
sulting in approximately C2V point symmetry and a bridge
bond of 1.82 A. DeVries and Mijlhoff conclude that there
is a large contribution of the sulfur dzz—orbital to the S-0
o-bond in these terminal group bridging bonds. This d-

orbital participation was proposed by Pauling in 1952 and

extended by Cruickshank in 1961. To account for the observed



shortening of S-0 bond lengths relative to the ideal

o-bond length, Cruickshank proposed a delocalized n-system
extending throughout a condensed sulfate anion. Analogous
to condensed phosphates, cation interaction with terminal
oxygen atoms in condensed sulfates causes delocalization

of the anionic w-system. This results in the disparity
between SO (br) and SO(nbr) bond lengths. As in the phos-
phates Cruickshank (1961) maintained via group theory that
only two of the five sulfur d-orbitals were involved in the

m-system.



Method

Ab initio SCF closed-shell calculations performed in
this study utilized the linear combination of atomic or-
bitals - molecular orbital (LCAO-MO) approach in GAUSSIAN
80 by Binkley et al. (1980). Previous calculations on a
variety of phosphate and sulfate molecules (Hillier and
Saunders, 1970; Gelius et al., 1971; Connor et al., 1972;
Hayes et al., 1975; Baird and Taylor, 1981) indicate that
the addition of 3d polarization functions to a minimal basis
results in a simultaneous improvement of both the total
electronic energy and the optimum geometry of the molecule
(Mezey and Haas, 1982; Zhu and Murrell, 1982). Computations
in this study were completed with a STO-3G* basis set
(Collins et al., 1976). Optimizations of the bond lengths
and angles of the molecules were carried out with a gradient
optimization routine of GAUSSIAN 80. In these calculations
both molecules were assumed to possess C2V point symmetry
and the OPO, POH, 0SO and SOH angles were fixed at 109.47°.
The O-H bond length was fixed at 0.99 A. Single-point
calculations were performed for constructing sections through
the potential energy surface by holding one bond parameter
at its optimized value (bond length or angle) while varying

the other.



A. Phosphates

Introduction

Condensed phosphates are defined as those phosphates
with bridging oxygens. A feature of these phosphates is
the presence of corner sharing tetrahedra (Corbridge, 1974)
which is thought to be due to ionic repulsion between the
P5+ ions of the PO4 tetrahedra (Hong, 1974b). Corbridge
notes that such corner sharing is limited to a maximum of
three corners per tetrahedron thus precluding cross-chain
linkages such as those found in framework silicates.
Corner sharing also serves as a criterion for classifying
condensed phosphates into diphosphates (one corner shared),
metaphosphates (two corners shared), and ultraphosphates
(three corners shared) (Nord and Kierkegaard, 1980). 1In
addition to corner linking of tetrahedra a suitable molecu-
lar model must be computationally tractable.

The experimental phosphate and sulfate bond lengths
and angles were compiled from the literature (see Appendix).

The molecule selected to model the bonding in the POP
groups was diphosphoric acid (H4P207). Two PO4 tetrahedra
shared a common corner. Hydrogen atoms were bonded to the
non-bridging oxygen atoms to achieve electrostatic neutrality
and to maintain connectedness. Optimization of the molecule
resulted in the minimum energy configuration shown in

Figure 1 and the geometry in Table 1. Table 1 shows the



Figure 1. ORTEP drawing of the diphosphoric acid (H4P207)
molecule in a Coy configuration with OH = 0.99 A. Large
spheres represent oxygen; intermediate spheres represent
phosphorus; and the small spheres represent hydrogen. No

other significance is ascribed to the size of the spheres.
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Table 1. Phosphate Bond Lengths and Angles+

R(PO(br)) R(PO(H)) R(PO) POP Basis Reference
(a) Optimized values for H4P207:
1.59 1.60 1.44 132.5 STO-3G* This study
1.69 1.66 1.58 117.0 STO-3G Hayes et al.,
1978

(b) Observed averages in solids:

1.60 -—-- -———- 133.4

L
‘Bond lengths in angstroms, bond angles in degrees.
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bridging bond lengths and bridging bond angle computed by

P,0O

Hayes et al. (1978) in a limited optimization of HyP,0,

using a STO-3G basis set.

Calculated and Observed Bridging PO Bonds

The following analysis was undertaken to determine
whether STO-3G* MO calculations yield reasonable bond lengths
and angles. Graphs of single-point calculations through the
potential surface minimum were prepared to study the varia-
tion of the potential energy as a function of either bond
length or angle. A histogram from data in the Appendix was
superimposed on the graphs to show the coincidence obtained.
Figures 2 and 3 demonstrate that STO-3G* calculations agree
with observed bond length and angle variations. Figure 2
displays the potential energy versus bridging bond length
curve generated by fixing the POP angle at 132.2°. The
overall shape conforms with the observed frequency distri-
bution of PO(br) bond lengths. In-Table 1 the calculated
bridging bond length value of 1.59 A for PO(br) in this
study (STO-3G*) is closer to the observed 1.60 A than the

Hayes et al. calculated value of 1.69 A (1978) (STO-3G).

Calculated and Observed Bridging POP Angles

Figure 3 shows that STO-3G* calculations mimic the
observed bridging bond angles in solid phosphates. The
potential energy variation of the diphosphoric acid molecule

was plotted as a function of the bridging bond angle. 1In
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Figure 2. Total potential energy curve calculated as a
function of the bridging PO bond in H4P207. A histogram
(insert) of observed bridging bond lengths in condensed

phoéphates is superimposed upon this curve. The bond

angle is held at 132.5°.
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Figure 3. Potential energy curve AET = E(180°) - E(<POP)

as a function of the bridging POP angle in H A

4P207.
histogram (insert) of bridging bond angles observed in

condensed phosphates is superimposed. The bond length is

held at 1.59 A.
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Figure 3, a comparison of the frequency distribution of
observed values with the potential energy curve demonstrates
the agreement between bridging bond angles in solid phos-
phates and those calculated for the diphosphoric acid
molecule. The equilibrium bridging angle of 132.5° in the
STO-3G* calculations is closer to the observed average of
133.4° compiled from the Appendix. The STO-3G study com-
putes the bridging angle to be 117.0° (Hayes et al., 1978).
The observed average angle was obtained by averaging 138
values of the <POP compiled from 60 separate solid phos-
phates.

An apparent inconsistency in Figure 3 results from the
reported linear bridging angles of diphosphates (Calvo,
1965a,b; Robertson and Calvo, 1968; Tillmanns et al.,
1973). All single crystal x-ray analyses which report
linear bridging angles also mention large thermal vibration
parameter values for the bridging oxygen atoms. This im-
plies a high degree of thermal motion and, as Corbridge

notes, "...suggests thermal averaging to give an effectively
linear anion." ©Nord and Kierkegaard (1980) interpret this
large thermal motion as a statistical distortion of the
bridging oxygen atom. The POP angle appears linear while
each individual linkage is actually bent. To support this
interpretation, Nord and Kierkegaard undertook a hypotheti-

cal calculation for divalent metal diphosphates. The grand

mean linear bridging bond length (PO(br) = 1.54 A) was
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increased to 1.60 A which is the grand mean bridging bond
length in the bent configuration. This entailed decreasing
the POP angle from 180° to 1480, a value they found agreed
with their own observed values in bent diphosphates. This
value of 148° agrees with the 144°-149° range proposed by
Tillmanns et al. (1973) to explain the reported linear
linkages in SiP207. These bridging angle values, given by
Nord and Kierkegaard (1980) and Tillmanns et al. (1973),
provide better agreement with the single-point curve in
Figure 3. Since the single-point curve was derived by ab
initio methods, the above agreement further demonstrates
the ability of STO-3G* MO calculations to reproduce the

observed range of bridging angles.



B. Sulfates
Introduction
The stereochemistry of solid sulfates is similar to
that of solid phosphates. Polysulfur oxides which contain
a bridging oxygen atom shared by two tetracoordinate sulfur

atoms are, in general, "...not multiples of a uniform mono-
meric sulfur oxide..." (Schenk and Steudel, 1968); however,
those considered in this study can be regarded as the re-
sult of a polymerization of SO4 tetrahedra. Laur (1972)
proposes an alternative interpretation of linear condensed
sulfates. He suggests that their structures are derived

from the successive addition of SO3 groups to a SO, tetra-

4
hedron. 1In either case, ligation gives rise to poly-
sulfates in which each sulfate tetrahedron shares at most
two corners. A representative molecule incorporates this
sharing of a bridging oxygen atom by two four-coordinate
sulfur atoms.

Disulfuric acid (H28207) was chosen because 1t models
the bonding in SOS linkages in solids. As in the case of
the phosphate this acid consists of two corner sharing
sulfate tetrahedra. A hydrogen atom is bonded to one
terminal oxygen atom on each of the tetrahedra to preserve

both the electrostatic neutrality and the connectedness of

the structure (Fig. 4).

18
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Figure 4. ORTEP drawing of the disulfuric acid (HZS2O7)
molecule in a sz configuration with OH = 0.99 A. Large
spheres represent oxygen; intermediate spheres represent

sulfur; and the small spheres represent hydrogen. No

other significance is ascribed to the size of the spheres.
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Calculated and Observed Bridging SO Bonds and SOS Angles

The sulfate study was carried out in a manner similar
to the phosphate study. The calculated value of 1.64 A for
the bridging SO bond compares favorably with the observed
average of 1.63 A in the sulfate solids (see Table 2,
Figure 5 and Appendix).

The calculated SOS angle is 117.4° and the observed
angle is 121.8 (Fig. 6). Table 2 reports the agreement
between the minimum energy bridging value and the average
of the 26 observed angles in the frequency plot. The con-
tour of this single-point curve is shown with the frequency
distribution. The SOS angles in polymerized sulfates have
a smaller range than the TOT angles observed for poly-

Si0, and PO

merized AlO 4 tetrahedral oxyanions (Louisnathan

4’ 4
et al., 1977). Louisnathan et al. did not account for the
narrow range. In Figure 6 the potential energy goes through

a minimum at 117.4° and then rises at angles greater than

1409, indicating a barrier to wide bridging angles.

21



Table 2. Sulfate Bond Lengths and Angles+

R (SO (br)) R(SO(H)) R(SO) SOS

(a) Optimized values for H25207:

1.64 l1.61 1.46 117.4

(b) Observed averages in solids:

1.63 -——— -—-- 121.8

¥ Units as given in Table 2.
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Figure 5. Total potential energy curve calculated as a
function of the bridging SO bond in H28207. A histogram
(insert) of observed bridging bond lengths in condensed

sulfates is superimposed upon this curve. The bond angle

is held at 117.4°.
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Figure 6. Potential energy curve AE, = E(1800) - E(<S0S)

T

as a function of the bridging POP angle in H,S A histo-

207+
gram (insert) of bridging bond angles observed in condensed

sulfates is superimposed. The bond length is held constant

at 1.64 A.
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C. 3d Orbital Calculations for Phosphates and Sulfates

Results given in Table 3 support the participation of
all five 3d-orbitals, as suggested by Bartell et al. (1970).
These STO-3G* calculations probably exaggerate the role of
the d-orbital; however split valence calculations (Gibbs,
personal communication) still support populations associated
with 3d's. The GAUSSIAN 80 calculations for the phosphate
show that in the 3d orbital the largest population is 0.30
electrons with m = +1, and the smallest population is 0.15
electrons with m = -1. For the sulfate the situation
changes with the largest population, 0.32 electrons, as-
sociated with m = -2 and the smallest charge, 0.24, with
m = 0. The total population associated with the d orbital
of phosphorus is 1.2 electrons and the total population
associated with the d orbital of sulfur is 1.4 electrons.
The percentage contribution of the d orbitals to the total
phosphorus atom is eight percent, while the corresponding
value for sulfur is nine percent corresponding to sulfur's

greater electronegativity.
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Table 3. 3d Orbital and Total Atomic Populations

(H,P,07) (H2S,07)
Species X=P (in electrons) X=S (in electrons)
A. Orbital:

X3d: m= 0 0.28 0.24
+1 0.30 0.26

-1 0.16 0.31

+2 0.26 0.28

-2 0.19 0.32

¢ of d orbitals 1.18 1.41

B. Total atomic population:

X 14.32 15.47
Bridging oxygen 8.28 8.21
O (without H) 8.37 8.23
O (with H) 8.32 8.24
H 0.77 0.71

C. (ZX3d/Total X) % 8 9



Conclusions

Ab initio geometry optimizations of the diphosphoric
acid (H4P207) and disulfuric acid (H28207) molecules were
carried out under C2V point symmetry at the STO-3G* level.
The resulting bridging bond lengths and angles were com-
pared to those observed in solid phosphates and sulfates.
The ability of each molecule's geometry to reproduce
observed averages and trends supports the supposition that
the local bonding forces in condensed phosphates and
sulfates behave as though they are short range. Orbital
population analyses suggest that all five 3d-orbitals of

phosphorus and sulfur participate in bonding.

29



References

Adams, J.M., and V. Ramdas (1976) The crystal structure of
trisguanidinium hydrogen pyrophosphate. Acta Crystallogr.
B32, 3224-3227.

, and (1978) The crystal structure of guanidinium
pyrophosphate monoperhydrate sesquihydrate. Acta
Crystallogr. B34, 2150-2156.

Albrand, K.-R., R. Attig, J. Fenner, J.P. Jeser, and D.
Mootz (1974) Crystal structure of the laser material
NdP50;,. Mater. Res. Bull. 9, 129-140.

Averbuch-Pouchot, M.T., and J.C. Guitel (1977) Un tripoly-
phosphate acide de fer FeH,P;0,,-H,0. Acta Crystallogr.
B33, 1613-1615.

, and A. Durif (1977) Structure cristalline du trimeta-
phosphate de cadmium caesium CdCsP;04. Acta Crystallogr.
B33, 3114-3116.

, and J.C, Guitel (1976a) Structure cristalline du
‘tripolyphosphate acide de zinc hexahydrate:
Zn,HP30,76H,0. Acta Crystallogr. B32, 1670-1673.

, and (1976b) Structure cristalline d'un
tripolyphosphate acide mixte zinc-argent nonahydrate:
Zn,Agg,62Hp,38P30,9+9H,0. Acta Crystallogr. B32,
2270-2274.

, and (1977) Structure cristalline du
tripolyphosphate mixte zinc-sodium nonahydrate:
Zn,NaP30;9-9H,0. Acta Crystallogr. B33, 1427-1431.

, A, Durif, and J.C. Guitel (1975a) Structure
cristalline du polyphosphate de cadmium-baryum:
CdBa(P0O;3),. Acta Crystallogr. B31l, 2453-2456.

, , and (1975b) Structure cristalline
du tripolyphosphate de zinc heptadecahydrate:
Zns(P30,0),+17H,0. Acta Crystallogr. B31l, 2482-2486.

, , and _ (1977) Structure cristalline
d"un tripolyphosphate acide d'aluminium-ammonium:
A1INH,HP;0,,. Acta Crystallogr. B33, 1436-1438.

30



31

Averbuch-Pouchot, M.T., A. Durif, and I. Tordjman (1977)
Structure crlstalllne du polyphosphate de beryllium:
Be(PO3;),(II). Acta Crystallogr. B33, 3462-3464.

, J. COIng Boyat and J.C. Guitel (1977) Le

phOSphoberyllate d'ammonium. Acta Crystallogr. B33,
203-205.

Bagieu, M., I. Tordjman, A. Durif, and G. Bassi (1973)
Holmium ultraphosphate, HoP50,,. Cryst. Struc. Comm.
3, 387-390.

Baird, N.C., and K.F. Taylor (1981) Ab initio MO
calculations for the oxides, oxyacids, and oxyanions
of S(IV) and S(VI). J. Comput. Chem. 2, 225-230.

Bartell, L.S., L.S. Su, and H. Yow (1970) Lengths of
phosphorous-oxygen and sulfur-oxygen bonds. An extended
Huckel molecular orbital examination of Cruickshank's
d“-pTr picture. Inorg. Chem. 9, 1903-1912.

Bartl, H., and E. Rodek (1979) Untersuchung der Kristall-
und Molekulstruktur von S;3N,05. Z. Kristallogr. 149,
101-102.

Baur, W.H. (1974) The geometry of polyhedral distortioms.
Predictive relationships for the phosphate group. Acta
Crystallogr. B30, 1195-1215,

Binkley, J.S., R.A. Whiteside, R. Krishnan, R. Seeger, D.J.
DeFrees, H.B. Schlegel, S. Topiol, L.R. Kahn, and J.A.
Pople (1980) GAUSSIAN 80 - An ab initio molecular orbital
program. Department of Chemistry, Carnegie-Mellon
University, Pittsburgh, Pennsylvania 15213,

Bissert, G., and F. Liebau (1970) Die Kristallstruktur von
monoklinem Siliziumphosphat SiP,0A;, III. Eine Phase mit
[SiO¢]-Oktaedern. Acta Crystallogr. B26, 233-240,

Boudjada, N., and A. Durif (1982) Structure d'un trimeta-
phosphate-tellurate de rubidium monohydrate:
Te(OH)¢+Rb3P304+H,0. Acta Crystallogr. B38, 595-597.

, M.T. Averbuch-Pouchot, and A. Durif (1981a) Structure
du trimetaphosphate-tellurate de sodium hexahydrate
Te(OH) g+ 2Na3P304+6H,0. Acta Crystallogr. B37, 645-647.



32

Boudjada, N., M.T. Averbuch-Pouchot, and A. Durif (1981b)
Structure d'un trimetaphosphate-tellurate de potassium
dihydrate. Acta Crystallogr. B37, 647-649,

Brown, I.D., D.B. Crump, and R.J. Gillespie (1971) The
crystal structure of tetraselenium bis(hydrogen
disulfate). Inorg. Chem. 10, 2319-2323.

Brunel-Laugt, M., and J.C. Guitel (1977) Le polyphosphate de
glomb—potassium PbK,(PO3),. Acta Crystallogr. B33,
37-939. _

Calvo, C. (1965a) Refinement of the crystal structure of
B-Mg,P,0;. Can. J. Chem. 43, 1129-1146.

(1965b) The crystal structure and phase transformations
of g-Zn,P,0,. Can. J. Chem. 43, 1147-1153.

(1967) The crystal structure of o-Mg,P,0,. Acta
Crystallogr. 23, 289-295.

(1968) The crystal structure of a-Ca,P,0,. Inorg.
Chem. 7, 1345-1351.

, and P . K.L. Au (1969) Crystal structure of Cd,P,0-.
Can. J. Chem. 47, 3409-3416.

Chakoumakos, B.C., R.J. Hill, and G.V. Gibbs (1981) A
molecular orbital study of rings in silicates and
siloxanes. Am. Mineral. 66, 1237-1249.

Cheng, P.-T., K.P.H. Pritzker, and S.C. Nyburg (1980)
a-Calcium disodium pyrophosphate tetrahydrate. Acta
Crystallogr. B36, 921-924.

Collin, R.L., and M. Willis (1971) The crystal structure of
disodium dihydrogen hypophosphate hexahydrate
(NayH,P,04+6H,0) and disodium dihydrogen pyrophosphate
hexahydrate (Na,H,P,0,+6H,0). Acta Crystallogr. B27,
291-302.

Collins, J.B., P. von R. Schleyer, J.S. Binkley, and J.A.
Pople (1976) Self-consistent molecular orbital methods.
XVII. Geometries and binding energies of second-row
molecules. A comparison of three basis sets. J. Chemn.
Phys. 64, 5142-5151.



33

Connor, J.A., I.H, Hillier, V.R. Saunders and M. Barber
(1972) on the bondlng of the ions P0,3~, S0,2-, Clo0o,",
Cl0;~, and C032~ as studied by x-ray spectroscopy and ab
initio SCF-MO calculations. Molecular Physics 23, 81-90.

Corbridge, D.E.C. (1974) The structural chemistry of
phosphorous. Elsevier Scientific Publishing Company,
London.

Cruickshank, D.W.J. (1961) The role of 3d-orbitals in =-
bonds between (a) silicon, phosphorus, sulphur, or
chlorine and (b) oxygen or nitrogen. J. Chem. Soc. 1077,
5486-5504.

(1964) Refinements of structures containing bonds
between Si, P, S or Cl and O or N. IX. (NO;),:S50,42"
Acta Crystallogr. 17, 684-685.

DeVries, R., and F.C. Mijlhoff (1969) The crystal structure
of potassium pentasulphate K,Ss50;4. Acta Crystallogr.
B25, 1696-1699.

Douglade, J., and R. Mercier (1979) Structure cristalline du
disulfate d'antimoine (III) Sb,(S,05);. Acta Crystallogr.
B35, 1062-1067.

Downs, J.W., and G.V. Gibbs (1981) The role of the BeOSi
bond in the structures of beryllosilicate minerals. Am.
Mineral. 66, 819-826.

Dumas, Y., and J.L. Galigne (1974) Structure cristalline du
pyrophosphate tetrapotassique trihydrate, K,P,0,-3H,0.
Acta Crystallogr. B30, 390-395.

, and J. Falgueirettes (1973a) Structure
crlstalllne de 1'hydrogeno-pyrophosphate tripotassique
trihydrate, K;HP,0,+3H,0. Acta Crystallogr. B29,
1623-1630.

, and (1973b) Structure cristalline du
dlhydrogeno pyrophosphate dipotassique hemihydrate
K,H,P,0,-1/2H,0. Acta Crystallogr. B29, 2913-2918.

, J. Lapasset, and J. Vicat (1980) Affinement par
diffraction neutronique du bis(dihydrogenopyrophosphate)
tripotassique et monosodique. Acta Crystallogr. B36,
2754-2757.



34

Durif, A., M.T. Averbuch-Pouchot, and J.C. Guitel (1982)
(NH,) ,P,0,+-2Te(0OH)¢+2H,0, the first example of a
tetrametaphosphate-tellurate. J. Solid State Chem. 41,
153-159.

Einstein, F.W., and A.C. Willis (1981) Structure of

tellurium (IV) pyrosulphate. Acta Crystallogr. B37,
218-220.

Eriks, K., and C.H. MacGillavry (1954) The crystal structure
of N,05:350;. Acta Crystallogr. 7, 430-434,

Faggiani, R., and C. Calvo (1976) Crystal structure of
CaK,As,0, and CdK,P,05;. Can. J. Chem. 54, 3319-3324.

Geisinger, K.L. (1983) A theoretical and experimental study
of the bonding in silicates and related materials. Ph.D
dissertation. Virginia Polytechnic Institute and State
University, Blacksburg, Virginia 24061.

Gibbs, G.V. (1982) Molecules as models for bonding in
silicates. Am. Mineral. 67, 421-450.

, E.P. Meagher, M.D. Newton, and D.K. Swanson (1981)
A comparison of experimental and theoretical bond
length and angle variations for minerals, inorganic
solids, and molecules. 1In, M. I'Keeffe and A. Navrotsky,
Eds., Structure and Bonding in Crystals, Vol. 1,
pp. 195-225, Academic Press, New York.

Hagman, L.-0., I. Jansson, and C. Magneli (1968) The crystal
structure of a-Sr,P,0,. Acta Chem. Scand. 22, 1419-1429.

Hanic, F., and Z. Zak (1974) The crystal structure of
Na7Mgg.5(P207)q. J. Solid State Chem. 10, 12-19.

Hayes, D.M., G.L. Kenyon, and P.A. Kollman (1975)
Theoretical calculations of the hydrolysis energies of
some "high energy'" molecules. I. The phosphate and
carboxylic acid molecules. J. Amer. Chem. Soc. 97,
4762-4763.

and (1978) Theoretical calculatlons of
the hydroly51s energies of some "hlgh energy' molecules.
2. A survey of some biologically important hydrolytic
reactions. J. Amer. Chem. Soc. 100, 4331-4334.

Hencher, J.L., and S.H. Bauer (1973) The molecular structures
of the polysulfuryl fluorides by vapor phase electron
diffraction: S,05F, and S304F,. Can. J. Chem. 51,
2047-2054.



35

Hillier, I.H., and V.R. Saunders (1970) Ab initio
calculations, using a small Gaussian basis set, of the

electronic structure of the sulphate ion. Int. J.
Quant. Chem. 4, 203-215.

Hong, H.Y.-P. (1974a) Crystal structures of neodymium
metaphosphate (NdP3;04) and ultraphosphate (NdP50,,).
Acta Crystallogr. B30, 468-474,

(1974b) The crystal structure of ytterbium metaphosphate,
YbP,0q9. Acta Crystallogr. B30, 1857-1861.

, and J.W, Pierce (1974) Crystal structure of ytterbium
ultraphosphate, YbP50,,. Mater. Res. Bull. 9, 179-190.

Jezowska-Trzebiatowska, B., and Z. Mazurak (1980) Structure
of erbium pentaphosphate. Acta Crystallogr. B36,
1639-1641.

Krishnamacari, N., and C. Calvo (1972) The crystal étructure
of cobalt diphosphate. Acta Crystallogr. B28, 2883-2885.

Lager, G.A., and G.V. Gibbs (1973) Effects of variations in
0-P-0 and P-0-P angles on P-O bond overlap populations
for some selected ortho- and pyrophosphates. Am. Mineral.
58, 756-764.

Laur, P.H. (1972) Steric aspects of sulfur chemistry. In,
A. Senning, Ed., Sulfur in Organic and Inorganic
Chemistry, pp. 91-274. Marcel Dekker, Inc., New York.

Leung, K.Y., and C. Calvo (1972) The structure of Na,P,0, at
22°C. Can. J. Chem. 50, 2519-2526.

Louisnathan, S.J., R.J. Hill, and G.V. Gibbs (1977)
Tetrahedral bond length variations in sulfates. Phys.
Chem. Minerals 1, 53-€9.

Lynton, H., and M.R. Truter (1960) An accurate determination
of the crystal structure of potassium pyrosulphate. J.
Chem. Soc. 60, 5112-5118.

Mandel, N.S. (1975) The crystal structure of calcium
pyrophosphate dihydrate. Acta Crystallogr. B3l,
1730-1734.

Mathew, M., and L.W. Schroeder (1977) The crystal structure
of calcium ammonium hydrogenpyrophosphate CaNH,HP,0-.
Acta Crystallogr. B33, 3025-3028.



36

McDonald, W.S., and D.W.J. Cruickshank (1967a) A re-
investigation of the structure of Na,P,0,:10H,0. Acta
Crystallogr. 22, 43-48,

, and (1967b) A refinement of the structure of
S309. Acta Crystallogr. 22, 48-51.

Merritt, E.A., and M. Sundaralingam (1980) Models of metal-
nucleoside polyphosphates: structures of unidentate
[CoHP,0,(NH3) 5] +H,0 [Pentaaminepyrophosphatocobalt (III)
monohydrate] and bidentate [CoHP,0,(NHj),+2H,0]
[Tetraaminepyrophosphatocobalt (III) dihydrate]. Acta
Crystallogr. B36, 2576-2584,

, and (1981) Structure and chelation geometry of
a,B,y-tridentate triammine (dihydrogentriphosphato)cobalt
(III) [Co(NH;3) 3(H,P30,4)]. Acta Crystallogr. B37,
1505-15009.

, M. Sundaralingam, and R.D. Cornelius (1980) Linkage
isomerism of a bidentate triphosphate ligand having six-
or eight-membered chelate rings. J. Amer. Chem. Soc.
102, 6151-6153.

, and (1981) Structure of a,y-bidentate
tetraamlne(dlhydrogentrlphosphato) cobalt (III) mono-
hydrate. Acta Crystallogr. B37, 657-659.

, and D. Dunaway -Mariano (1981) Crystal
structure and chelate ring pucker of bidentate
(pyrophosphato) tetraaquochromium (III) trihydrate,
a model for metal-ADP coordination. J. Amer. Chem.
Soc. 103, 3565-3567.

Mezey, P.G., and E.-C. Haas (1982) The propagation of basis
set error and geometry optimization in ab initio
calculations. A statistical analysis of the sulfur
d-orbital problem. J. Chem. Phys. 77, 870-876.

Newton, M.D. (1981) Theoretical probes of bonding in the
disiloxy group. In, M. O'Keeffe and A. Navrotsky, Eds.,
Structure and Bonding in Crystals, Vol. 1, pp. 175-193.
Academic Press, New York.

, and G.V. Gibbs (1980) Ab initio calculated geometries
and charge distributions for H,SiO, and H¢Si,0, compared
with experimental values for silicates and siloxanes.
Phys. Chem. Minerals 6, 221-246.



37

Ng, H.N., and C. Calvo (1973) The crystal structure of
KAlP,0,. Can. J. Chem. 51, 2613-2620.

Nord, A.G., and P. Kierkegaard (1980) Crystal chemistry of
some anhydrous divalent-metal phosphates. Chemica
Scripta 15, 27-39.

Oka, J., and A. Kawahara (1982) The structure of synthetic
dimagnesium diphosphate (V) dihydrate. Acta Crystallogr.
B38, 3-5.

Pauling, L. (1952) Interatomic distances and bond character
in the oxygen acids and related substances. J. Phys.
Chem. 56, 361-365.

Pletcher, J., and M. Sax (1972) Crystal and molecular
structure of thiamine pyrophosphate hydrochloride. J.
Amer. Chem. Soc. 94, 3998-4005.

, M. Wood, G, Blank, W. Shin, and M. Sax (1977)
Thiamine pyrophosphate tetrahydrate: a structure with
the pyrophosphate ester in an extended conformation.
Acta Crystallogr. B33, 3349-3359.

Robertson, B.E., and C. Calvo (1967) The crystal structure
and phase transformation of o-Cu,P,0,. Acta Crystallogr.
22, 665-672.

' , and (1968) Crystal structure of g-Cu,P,0,.
Can. J. Chem. 46, 605-612.

, and - (1970) Crystal structure of a-Zn,P,0,.
J. Solid State Chem. 1, 120-133.

Schenk, P.W., and R. Steudel (1968) Oxides of sulphur. In,
G. Nickless, Ed., Inorganic Sulphur Chemistry, pp.
367-418. Elsevier Publishing Company, London.

Schneider, S., and R.L. Collin (1973) Crystal structure of
manganese pyrophosphate dihydrate, Mn,P,0,-2H,0. Inorg.
Chem. 12, 2136-2139.

Steeman, J.W.M., and C.H. MacGillavry (1954) The crystal
structure of the compound HNO;-2SO;. Acta Crystallogr.
7, 402-404,

Stefandis, T., and A.G. Nord (1982) The crystal structure of
iron (II) diphosphate, Fe,P,0,. Z. Kristallogr. 159,
255-264,



38

Swaminathan, P., and M. Sundaralingam (1980) The structure,
chirality and zwitterionic character of potassium
adenosine diphosphate dihydrate, KADP.2H,0. Acta
Crystallogr. B36, 2590-2597.

Takagi, S., M. Mathew, and W.E. Brown (1980) The structure
of diammonium tricalcium bis(pyrophosphate) hexahydrate.
Acta Crystallogr. B36, 2526-2529.

Tillmanns, E., W. Gebert, and W.H. Baur (1973) Computer
simulation of crystal structures applied to the solution
of the superstructure of cubic silicondiphosphate. J.
Solid State Chem. 7, 69-84.

Viswamitra, M.A., M.L. Post, and O. Kennard (1979) The
crystal structure of the dipotassium salt of uridine
5'-diphosphate. Acta Crystallogr. B35, 1089-1094.

Webb, N.C. (1966) The crystal structure of g-Ca,P,0,. Acta
Crystallogr. 21, 942-948, .

Westrik, R., and C.H. MacGillavry (1954) The crystal
structure of the asbestos-like form of sulphur trioxide.
Acta Crystallogr. 7, 764-767.

Worzala, H. (1978) Die Kristallstruktur des Bleicyclo-
tetraphosphat-2-Hydrats, Pb,P,0,,+2H,0. Z. Anorg. Allg.
Chem. 445, 27-35,.

Zhu, Z.H., and J.N. Murrell (1982) Standard basis sets with
polarization functions. Chem. Phys. Lett., 88, 262-265.



APPENDIX A

39



R(PO(br))

1.575
1.613

1.610
1.631

1.602

1.623
1.566
1.603
1.599
1.72
1.72
1.70
1.68

1.615

1.617

1.623

1.610
1.612
1.617
1.616

1.598

1.645

1.576
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Table of Solid Phosphate Data

R(PO(br)) POP Compound & Reference

1.543 136.5  (NHg)4P4072.2Te(OH)g.2H0

1.588 124.1 Durif et al. (1982)

1.604 123.2 KAlP,07, Ng & Calvo (1973)

1.642 127.5 NaygqP307, Leung & Calvo (1972)

1.583 133.6 C12H19C1N407P3S,
Pletcher & Sax (1972)

1.623 123.1  CayP07.2H50, Mandel (1975)

1.600 143.1 a-CapP207, Krishnamacari &
Calvo (1972)

1.603 138.7 a=ZnP207, Robertson &

1.566 148.4 Calvo (1970)

1.62 114.4  PbyP403,.2H0, Worzala (1978)

1.62 118.9

1.65 126.6

1.55 138.9

1.611 127.5 Mn)P307.2H30, Schneider &
Collin (1973)

1.622 129.3 KpHpP207.%H20, Dumas et al.
(1973b)

1.649 130.3  K4P507.3Hp0, Dumas &
Galigne (1974)

1.629 132.8 K3HP»07.3H20, Dumas et al. (1973a)

l1.612 130.2 Na4P207.10H20, McDonald &
Cruickshank (1967)

1.637 130.5 B-CayP,07, Webb (1966)

1.590 137.8

1.598 136.1 NayH,P,07.6H0, Collin &
Willis (1971)

1.605 132.3  CdpP,07, Calvo & Au (1969)

1.576 157 a-CupP207, Robertson & Calvo

(1967)
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Table of Solid Phosphate Data: Continued

R(PO(br))
1.612
1.640

1.591

1.607

1.621
1.625
1.605

1.621
1.621
1.601
1.609

1.622

1.596
1.638
1.602
1.568
1.549
1.638

1.607
1.605
1.627
1.623
1.609
1.605
1.605
1.5976
1.5814

1.588
1.639

R(PO(br))

1.569
1.640

1.631

1.609

1.607
1.622
1.618

1.575
1.641
1.604
1.604
1.629
1.555
1.535
1.570
1.630
1.601
1.564
1.612
1.619
1.601
1.610
1.604
1.588
1.588
1.5943
1.5763

1.594
1.615

POP
144
128.9

126.9

125.7

127.0
126.7
129.8

153.0
128.7
129.1
128.6

128.9

142.6
137.7
134.0
128.6
132.4
125.7

135.9
131.3
127.1
125.2
138.7
130.2
130.2
129.53
138.97

133.6
126.6

Compound & Reference
a-MgyP307, Calvo (1967)
CdKyP07, Faggiani & Calvo (1976)

o s,8~-bidentate Cr(H0)4HP07.3H0,
Merritt et al. (1981)

Mg,P507.2H20, Oka & Kawahara (1982
Te(OH)g.Rb3P309.H20, Boudjada

& Durif (1982)

FeyP707, Stefandis & Nord (1982)

a-CaNajP707.4H20, Cheng et al.
(1980)

Te (OH) g .K3P309.2H30,
Boudjada et al. (1981b)

Ca3z(NH4)(P207)2.6H30,
Takagi et al. (1980)

ErPg014, Jezowska-Trzebiatowska &
Mazurak (1980)

K3Na(H2P207) ), Dumas et al. (1980)

unidentate [CoHP07(NH3)5].H0
bidentate [CoHP207(NH3)4].2H50
Merritt & Sundaralingam (1980)

CaNH4HP07, Mathew & Schroeder
(1977)

a,B,y-tridentate
[Ca(NH3)3(HP301¢9) ], Merritt &
Sundaralingam (1981)

Be(PO3)p (II), Averbuch-Pouchet
et al. (1977)

Na7Mgy4_ 5(P207)4, Hanic &
Zak (1974)
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Table of Solid Phosphate Data: Continued

R(PO(br)) R(PO(br)) POP Compound & Reference

1.621 1.591 130.0 ZnyNaP307(.9H20, Averbuch-

1.596 1.626 128.9 Pouchet & Guitel (1977a)

1.621 1.626 128.2 [C(NH3)3]3HP207, Adams &
Ramdas (1976)

1.626 1.594 131.6 [C(NH)3]14P207.1%H50,

1.664 1.571 130.3 Adams & Ramdas (1978)

1.592 1.613 133.0 a,Y-Co(NH3)4H2P301(0, Merritt

1.609 1.603 129.7 et al. (1981)

1.579 1.616 130.0 a-CapP307, Calvo (1968)

1.614 1.585 130.7 a-SrpP07, Hagman et al. (1968)

l1.611 1.580 130.5 FeHyP30;9.H20, Averbuch &

1.611 1.580 130.5 Guitel (1977)

1.6309 1.5842 122.64 NH4P3Bey07(, Averbuch-

1.6309 1.5842 122.64 Pouchet et al. (1977)

1.613 1.579 132.4  AlNH4HP307(.9H,0, Averbuch-

1.613 1.579 132.4 Pouchet et al. (1977)

1.628 1.599 129.4 Zn2A90,62H0,38P3010-9HZO'

1.596 1.632 128.8 Averbuch-Pouchet & Guitel (1976b)

1.629 1.595 131.2 Zng(P30109)2-17H20, Averbuch-

1.592 1.630 128.4 Pouchet et al. (1975b)

1.604 1.584 136.9 CdBa(PO3)4, Averbuch-Pouchet

1.601 1.584 135.4 et al. (1975a)

1.588 1.585 141.0

1.592 1.583 132.0

1.617 1.617 125.6 Te(OH)g.2Na3P309.6H50,

1.617 1.617 125.6 Boudjada et al. (1981la)

1.617 1.617 125.6

1.596 1.581 139.2  SiP,0A7 III, Bissert &
Liebau (1970)

1.622 1.604 129.0 ZnyHP3070.6H,0, Averbuch-

1.592 1.622 130.2 Pouchet & Guitel (1976a)

1.579 1.59 139 NdP30719

1.58 1.58 139

1.62 1.57 140 NdP5074

1.64 1.56 138

1.62 1.56 133 Hong (1974a)

1.62 1.53 135

1.55 1.67 129

1.70 1.56 128
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Table of Solid Phosphate Data: Continued

R(PO(br))

1.57
1.68
1.65
1.64
1.53
1.75
1.47
1.69
1.67

1.604
1.614
1.551
1.569
1.615
1.581

1.60
1.65
1.50
1.51
l1.63
1.67

1.600
1.564
1.576
1.569
1.596
1.544

1.609

1.617
1.597

1.599
1.605

1.618
1.613
1.558
1.551
1.615
1.560

R(PO(br))

1.67
1.49
1.41
1.65
1.69
.46
.66
.51
51

o

.552
574
.662
.628
.571
.624

el

55
.53
.66
.65
.54
.53

e

.578
.579
.578
.580
.538
.544

S e

 —

.626

1.566

1.572

.607
.614

=

.550
.552
.617
.606
.559
.606

e el

POP

129
140
157
128
132
136
139
135
138

141.

136

125.
130.
133.
128.

131
129
142
127
135
137

144.
143.
148.
146.
180.
180.

131.
129.
133.

134.

N U1 OO OCYOY W

oo uLd U

131.8

140.
140.
131.
135.
132.
133.

[oo 2T BN ST ) Wl |G

Compound & Reference

YbP309, Hong (1974b)

HoPs5014, Bagieu et al. (1973)

YbP5014, Hong & Pierce (1974)

SiP07, Tillmans et al.
(1973)

KADP.2H70, Swaminathan &
Sundaralingam (1980)

Ko,UDP, Viswamitra
et al. (1979)

Thiamine pyrophosphate
hydrochloride, Pletcher
et al. (1977)

NdP5074, Albrand et al. (1974)
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Table of Phosphate Data: Continued

R(PO(br)) R(PO(br)) POP Compound & Reference

1.608 1.608 135.3 CdCsP30g9, Averbuch-Pouchet
1.601 1.612 126.1 & Durif (1977)

1.601 1.612 126.1

1.616 1.578 132.5 PbK,(PO3)4, Brunel-Laugt &
1.619 1.601 128.8 Guitel (1977)

1.593 1.609 130.7

1.605 1.638 129.7
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Table of Solid Sulfate Data

R(So(Br)) R(So(Br)) sSos Compound & Reference

1.72 1.49 124 (NO2%)5.530792~, Cruickshank
1.59 1.71 121 (1964)

1.68 1.52 113.7 HNO3.2S03, Steeman &

MacGillavry (1954)

1.59 1.63 121 B-SO3, Westrik & MacGillavry (1954
1.599 1.627 122.4 Y-SO03, McDonald &

1.619 1.635 121.2 Cruickshank (1967b)

1.629 1.645 120.9

1.645 1.645 124 K2S707, Lynton & Truter (1960)
1.611 1.611 123.6  S,05F;

1.613 1.613 123.6  S30gF» |

1.613 1.613 123.6  Hencher & Bauer (1973)

1.83 1.51 123 K2S501g, DeVries &

1.67 1.59 124 Mijlhoff (1969)

1.59 1.67 124

1.51 1.83 123

1.51 1.62 127 Te(S307)2,Einstein &

1.67 1.63 121 Willis (1981)

1.59 1.70 123 NO, (HS507)

1.59 1.67 123 Seq4(HS207) 2, Brown et al. (1971)
1.624 1.611 126.5 Sby(S207)3, Douglade &

1.604 1.647 117.7 Mercier (1979)

1.651 1.602 120.1

1.635 1.626 123.4 S3Ny05, Bartl & Rodek (1979)
1.54 1.76 122 N»Og.3S03, Eriks &

1.55 1.78 122 MacGillavry (1954)
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