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The concept of a ‘condensed phosphate’ embraces a group of pentavalent
phosphorus compounds in which various numbers of tetrahedral PO,
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groups are linked together by oxygen bridges according to the scheme:
(6] 0 0
| I {L
—Q—P—0—P—0Q0—P—0— (1)

These substances, some of which were recognized more than two hundred
years ago (though their special nature was not then realized) have repeat-
edly been the subject of chemical investigation and of much controversy.
The principles underlying their structures were elucidated decisively for
the first time in recent decades.

It is impossible to consider in a short article each of the publications
relevant to this field which has appeared in the scientific and patent litera-
ture; they already far exceed a thousand in number. In the following pages
only the basic outline of the development of this branch of research and
the present state of our knowledge will be presented, primarily from the
standpoint of preparative and structural chemistry.

Since the condensed arsenates and mixed condensed species, the so
called arsenatophosphates, have played an essential role in elucidating the
structure of some condensed phosphates, these will be considered in a special
section. Derivatives of condensed phosphates in which oxygen is partly
replaced by another element, such as nitrogen, will be mentioned only
where necessary. In the more recent literature there are also a number of
publications which are physico-chemical and theoretical in character.
These will be considered only in so far as they contribute essentially to
special problems of the structure of these substances or to the understanding
of their most important properties.

B. HisTory

1. Early History up to Graham’s Discovery

When Thomas Clark (52, 63) discovered that ordinary sodium phos-
phate, Na,HPO, 12H,0, when heated, loses at first only a part of its water
and is transformed to a new compound, sodium pyrophosphate, only after
giving up the last part, chemists of his time were presented with difficult

sand bath
—— Na,HPO, + 12H,0 2)

red heat
— Na4P207 + IIQO

NaQIIPO4' 12H20

2Na,HPO,

problems. According to the theory of Lavoisier, which was then current,
salts were considered as compounds derived from basic and acid oxides and
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were characterized by the ratio of base to acid which they contained. All
the water in a salt was thought of as water of crystallization and non-
constitutional. As a result, the familiar compound Na,HPO,-12H,0
(= Na,Py0:25H,0) and the new compound Na,P;0; were taken to be
different forms of the same substance. A similar situation existed for the
stannic acids and some organic compounds. Since no explanation of this
could be given, Berzelius (13) sought to explain such relationships in terms
of the concept of isomerism, which became so important later.

Thomas Graham (103, 104) recognized very clearly that water may have
different functions in salts, and particularly in the phosphates. He dis-
covered that the different phosphates differed from one another not only

NaH2P04-H20,NazHPO4~ 12H20 a.nd N33P04‘ 12H20 (3)

in their base to acid ratio, but also in their behavior on heating. When
heated, trisodium phosphate loses its water of crystallization without
undergoing further change. Graham verified Clark’s results for Na,HPO,-
12H,0. For the dihydrogen phosphate, which he knew only in the form
without water of crystallization, he observed it went over first of all to an
acid pyrophosphate from which salts of a new type, which he called meta-
phosphates, were formed at a red heat. Since Graham, in common with the

190°C

s Na.H,P;0,

red heat

2NaI‘I2PO4 — 2NaPO.1 + HzO (4)

chemists of his time, believed in Lavoisier’s theory of salts, according to
which there was only one “phosphoric acid,” P;Os, he saw an explanation
for his discovery in the assumption that water can also assume the function
of a base and replace other bases in salts. In this way he was able to
characterize the three types of phosphate by their different ratios of base
to acid. The ordinary phosphates must then contain three molecules of
base per molecule of P,Os; the pyrophosphates two, and the metaphos-
phates one, according to the formulas:

Ordinary Phosphates P,O;: Base = 1.3
‘ P205'3N320 ‘ P205-2Na20-H20 ’ PzOs'NBzO'2H20 ‘ PzOs-?)HzO—l

5)
Metaphosphates PyO;:
Pyrophosphates P;O,: Base = 1:2 Base = 1:1

\ P,05:2N0:0 | POy Na:O-H,0 | P,0s2H,0 | [ P,0, Na:O | P05 H,0 I

All of the water in the salts other than that shown in these formulas was
considered as true water of crystallization.
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One important discovery by Graham could not be explained in this way.
He observed that when NaH,PO, was heated until all the water had been
given off, three different forms of sodium metaphosphate resulted. One was
a finely crystallized material, readily soluble in water, which we now know
as trimetaphosphate, the second a form insoluble in water, the so-called
Maddrell’s salt, and the third form, Graham’s salt, a water-soluble glass,
formed by rapidly cooling molten NaH,PO,. These three compounds, which
differ in many other propertics in addition to their water solubility, pre-
sented new and difficult problems to the chemists who followed Graham.

2. Development of Current Views

Graham’s ideas and his experiments which indicated the existence of
different types of phosphates all had the dualistic theory of salts as their
background. The first step leading to further progress stemmed from the
view which was devcloped by Gay-Lussac, Davy, and Dulong at about the
turn of the century, that acid oxides alone cannot be considered as acids.
Acids were thought of rather as hydrogen compounds from which salts
were formed when hydrogen was replaced by metals. This view was adopted
by Liebig (175), who extended it to a theory of polybasic acids by his own
observations on salts of organic acids and particularly on the basis of
Graham’s findings on phosphates. On this basis, the various phosphoric
acids, which contain more than one hydrogen atom and which are trans-
formed to acid or neutral salts by partial or complete replacement of the
hydrogen atoms by metals, can also be transformed by elimination of water
into compounds with a greater number of phosphorus atoms.

On this basis Fleitmann and Henneberg (93) started their celebrated
study of Graham’s metaphosphates. They considered that in the hypotheti-
cal series:

61\1020'21’205; 61\1(“2031))_05 PO GMC;()(SPzOs (6)

which Liebig had proposed, it should be possible to discover the compounds
6Me,0-4P;05 and 6Me,0-5P;05. They first attempted to prepare these
substances by melting together the appropriate proportions of sodium
pyrophosphate (Nu,P;0;) and Graham’s salt (NaPO;). From the solutions
of such melts they believed they had obtained in a crystalline form the com-
pounds which we now know as tetraphosphate, NagP,O1; (= 6Na0-4P-0;)
and decaphosphate, Na PO (= 6Na,0-5P,05). They described them,
however, as very liable to decompose and incapable of being recrystallized.

We now know that Fleitmann and Henneberg did not handle these
compounds. Their basic rcasoning was, however, correct, for the compounds
exist, though they belong not to a series with only six members, but to a
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series which, in principle, has an infinite number of members of the general
composition shown below, which we now call polyphosphates,

Me;+2(})n03n+l)~ (7)

The sccond part of Fleitmann and Henneberg’s work dealt with the
problem of the differences between the metaphosphates with the composi-
tion NaPOQj;, which Graham had discovered. They started from Liebig’s
supposition that perhaps the difference between these substances was due
to different degrees of polymerization of the acids which they contained.
They first investigated the crystalline readily soluble salt, which is obtained
by heating NaH,PO, and may readily be purificd by recrystallization, and
obtained from it a series of salts with other cations which, for the most
part, contained water of crystallization. They found that these salts could
be formulated with simple whole number atomic ratios only if one assumed
that the anion was a trimer. This assumption received particularly strong
support from the fact that many double salts of constant composition could
be prepared which were of the type of the well-crystallized BaNa(P;0,)-
4H,0. Although the argument of the simple whole number atomic ratio
in a salt is not, in principle, proof of the degree of polymerization of the
anion which it contains, Fleitmann and Henneberg were right in the case
of the soluble sodium metaphosphate. The anion of this salt is a trimer
and the salt is a member of a series of compounds, Mel(P,0;,), which are
called metaphosphates and which differ in their degree of polymerization.

Fleitmann (92) was less fortunate in a second investigation in which he
tried in an analogous way to determine the degree of polymerization of the
two other compounds described by Graham and of a further series of
metaphosphates which had been discovered in the interim. Among these
was a true tetramer, discovered by Maddrell (181) through the copper
salt, the anion of which Fleitmann thought to be a dimer. To Graham’s
insoluble metaphosphate and a large number of analogous water-insoluble
salts prepared by Maddrell, he very tentatively assigned monomeric anions,
while for the anion of the Graham’s water-soluble glass he thought formula-
tion as a hexamer to be the most probable (see Section IV,E 1,a).

A large number of authors, among whom Tammann (290) may be men-
tloned, who attempted to establish molecular weights from the composi-
tion of single and double salts, from the conductivity of their solutions, or
from cryoscopic molecular weight determinations in water were no more
successful. A large number of interesting and important facts were dis-
covered in the course of this work, but simultaneously many hypotheses
were advanced, only a small proportion of which proved subsequently to
be correct. On the whole, the chemistry of the metaphosphates remained
a closed book until the beginning of this century, and appeared to become
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more difficult the more it was investigated. Details of this phase of the his-
tory of the condensed phosphates cannot be considered here, particularly
as this part of the story, with all its by-ways and speculation, is fully
described in a monograph by Karbe and Jander (158).

At about the beginning of this century three facts were recognized as
probably established.

1. There is a group of metaphosphates with the exact composition
MeL(P,03,) and relatively low molecular weight.

2. A second group embraces the pyrophosphates and the analogous
sodium triphosphate, NagP;01, discovered by Schwarz (263) and confirmed
by Stange (273). These were formulated as salts of chain-like anions, as
were derivatives with other cations.

3. A third group contains, in addition to the soluble Graham’s salt,
some of Maddrell’s water-insoluble salts and the so-called Kurrol’s sodium
salt (291). These all have the analytical composition (Me!PO;),, but dif-
ferent molecular weights were assigned by each of the many authors. This
situation was not changed by Pascal’s attempt (219) to fit the then known
“metaphosphates” into a simple but, as we now know, quite inadequate
scheme. Indeed, new knowledge was necessary in order to progress.

First of all, Nylén (209) established by exact molecular weight deter-
minations in aqueous solution that Fleitmann and Henneberg’s ‘trimeta-
phosphate’ had indeed a trimeric anion, and that the second metaphosphate
of this group was not a dimer, as some authors had supposed, but, as
Warschauer (334) had found, a tetramer. Views on the nature of the
Graham’s salt, which had been believed to be a hexamer, were put on a
new basis when Lamm and Malmgren (168) showed by ultracentrifuge
measurements that its anion had a high molecular weight. These authors
(168) found molecular weights between 100,000 and 140,000 for the
“potassium metaphosphate” which was insoluble in water but soluble in
solutions of salts of other cations. Shortly afterwards, Karbe and Jander
(158) used diffusion measurements to cstablish that the molecular weight
of the anion of Graham’s salt was between 10,000 and 20,000 and depended
on the temperature to which the melts prepared from NaH,PO, had been
heated before being quenched. In both of these investigations the com-
pounds were held to be high molecular weight analogs of the trimeta- and
tetrameta-phosphates of the composition (Me!POj3),.

Treadwell and Leutwyler (328, 329) found that, in solutions of Graham’s
salt, strongly and weakly dissociated acid groups were always detected
together, and Rudy and Schloesser (250) recognized that the strong and
weak acid groups were associated with Graham’s salt itself and did not
arise from the presence of impurities. All of the authors named, however,
regarded Graham’s salt as a high molecular weight metaphosphate.

Samuelson (254) showed that low and high molecular weight phosphates
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may be separated with the help of ion exchange resins and that, in such
separations, a certain part of the weakly acidic OH groups on phosphorus
cannot under any circumstances be separated from the acids corresponding
to Graham’s salt as long as the acid itself remains undecomposed. These
acids must therefore contain a number, mostly very small, of weakly acidic
POH groups in addition to a more or less large number of strongly acidic
groups. In order to explain this, Samuelson proposed for the acids corre-
sponding to this sort of salt a chain form shown, where the weakly acidic OH
groups represent the end groups of the chains. In proof of this formulation

Colod odod
HO—IT——O—I"VO~1T - O—}l‘-0—1"-—OH 8)

0 0 0 O (8]

H H H H H

Samuelson was able to show that the ratio of strongly acidic POH groups,
which can be titrated up to pI 4.5, to those titrated between pH 4.5 and
pH 9, is a measure of the molecular weight of the corresponding acid and
gives the same value as Karbe and Jander found and as had led Lamm and
Malmgren (168) to the view that this group of “metaphosphates” probably
possesses high molecular weight chain-like anions.

There are other grounds for considering that compounds of the type of
Graham’s salt do not belong to the same group as the trimeta- and tetra-
meta-phosphates. Rudy and Schloesser (250) had in fact found that the
POII groups in the acid corresponding to the trimetaphosphate are all
equally strong. As Treadwell and Leutwyler (328, 329) had done a little
earlier, they proposed for the anion a ring structure of the type

o ©)

In addition, Pauling and Sherman (222) had proposed a ring structure
for the anion of aluminium tetrametaphosphate on the basis of a crystal
structure determination. The triphosphate NagP;01 must, then, have the
chain structure already proposed by Schwarz (263), for Rudy and Schloesser
(250) showed that the acid corresponding to the triphosphate has three
strongly and two weakly acidic OH groups with the weakly acidie groups

1T
HO0—P—0— l —0»1(’—0}1 (10)
!
0 0 0
H H H
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forming terminal groups, as in the long-chain compounds. This corresponds
with the general experience that, with several acid OH groups attached to
a central atom, the first is stronger than the second, which is stronger than
the third, and so on.

C. NOMENCLATURE

Thus far it has been established that there are two types of polymeric
phosphates:

1. Phosphates with ring-like anions which correspond exactly with the
formula Me, (P,0;,) found by Graham for the metaphosphates. Only
these will be designated, following a usage developed in the meantime, as
metaphosphates.

2. Phosphates with chain-like anions of the composition Meso(P,O3,41)
or Me,"H;(P,0O3z.,1), which is almost equivalent at high values of n to
Graham’s formula MePO,;. Salts with high molecular weight anions (see
Section IV,E), the terminal groups of which are generally POH groups,
belong to this class, as do salts of the type of triphosphate (n = 3), pyro-
phosphate (n = 2) and orthophosphate, which is the monomeric first
member of the series

I
Me‘O—«f(’~OMeI (11)

O
Me!

The corresponding monophosphoric acid has one strongly acidic POH
group and two weakly acidic ‘“end groups.” The name polyphosphate is
given to this second group of condensed phosphates and one can distin-
guish between species of low molecular weight, intermediate polymers
(oligomers) and high polymers. Thus one refers to triphosphates, tetraphos-
phates etc., or, particularly in technical publications, to tripoly- and tetra-
poly-phosphates and differentiates them from trimeta- or tetrameta-phos-
phates. A point common to both groups of polymeric phosphates is that
they have a larger or smaller number of PO, tetrahedra joined together by
common oxygen atoms.

A further group, the wultra-polymeric or cross-linked-phosphales, which
were first mentioned by Kroll (765), are characterized by the fact that
“tertiary” phosphate tetrahedra are present in addition to the ordinary
P-—0O—P groupings. These are joined with other tetrahedra by three oxygen
atoms and not by two, as in the meta- and poly-phosphates. They will be
discussed in Section V.
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R o0
|
~()~fl’—0—1"‘7-0—}"—0—4 _II)—O_ l’-O—I[’— (12)
0 O 0O 0 0O 0
(=) (=) (=) () | -
O:1|)—-—O(——)
(,|)
Meta- and Poly-phosphates Ultra or Cross-linked
Phosphates

All three groups come under the heading of condensed phosphates, for the
simplest method for their preparation is still by condensation reactions in
which phosphate tetrahedra are condensed by elimination of water.

O 0O (0]

| I —H0 I I
—0—P—OH + HO—P—0— — —0 P 0 P-0O— (13)

; | IO | |

Q0 0 0]

(=) (=) = (=

It is also common to all condensed phosphates that, on appropriate treat-
ment with water, they are hydrolytically broken down to ortho- or mono-
phosphates, usually by a series of intermediate reactions.

Even before the above facts and structural considerations were generally
appreciated by chemists, some of the polyphosphates, such as Graham’s
salt and the triphosphate, for example, had acquired major technical
importance (90, 91, 127, 129, 249). About thirty years ago the study of con-
densed phosphates was taken up from many sides in attempts to determine
their structures and, from their structures, to understand their properties.
Preparative methods, physico-chemical investigations and theoretical
considerations were all brought into play in order to develop this branch
of inorganic chemistry to a point where, today, the perspective is clear and
we can regard it as well-investigated.

In the following pages an attempt is made to depict the present state
of our knowledge. In so doing, a systematic rather than a historical ap-
proach has been adopted. A recent comprehensive treatment of the whole
field is also given in J. R. van Wazer’s monograph ‘“Phosphorus and its
Compounds” (340). Older reviews are those of Topley (326) and Quimby
(232).

. Phase Relationships in Condensed Phosphates with Various Cations

A systematic investigation of phase relationships in the field of con-
densed phosphates is only just beginning, though there is an extensive
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literature on the subject. Two types of phase diagram are used. The first
shows the interrelationship of substances formed by thermal treatment of
given starting materials in the free atmosphere, and not necessarily under
equilibrium conditions. The second type represents the relationship between
substances occurring as stable phases under equilibrium conditions, and
especially under particular pressures of water vapor. The first of these
methods has the greater practical significance as yet (125).

A. CoxpenseED ProspHATES IN THE SySTEM Na,O—Py0Os—H,0

The first attempt to set out a phase diagram of the first type for the
system NaH,PO,—NaPQ; in accordance with present ideas was made by
Boullé (21, 23, 24). Later his diagram was several times amplified and
improved (218, 249, 302, 311, 340) until, today, our knowledge of the sub-
stances which can be prepared from NaH,PO,H,0 can be represented by
the following diagram (Fig. 1).

Na(H,PO,H,0 Monophosphate
|, hydrate
¥

Na(H,PO,) Monophosphate
nelo“
¥ .
iNoPOs LI § qu/(Ha F,0,) Diphosphate
y240°

I it |
Na (PO)ﬂLNo (P,0,) —— No (PO,)

Trimetaphosphate

y240° » 240 (rlngs)
"°° L \ (h)= {NoPO, I } ()= {NaPO, I}

5902 375 oezs 380- aao(NGPO,) (h) =— 2308 (NOP05) 1 Maddrell's salts
Y 22¢” 800 ~ {Dreierkette)
380 go\
MECNANICAL TREATMEN
X NaPO,I¥
(NaPO,), (B) (NOPO) (A) Kiurrol's Ssc1ItEs
“k“"/t (spiral chains)
5!0 590 s80- 5'0°
|
(NaPO,), (melt) quench ——(NaP0,), (glass) Graham's salt

T16. 1. Condensed phosphates prepared by heating NaH,PO,H,0 and their inter-
relationships.

On dehydration of sodium dihydrogen monophosphate in a normal atmos-
phere it first passes over completely to the acid diphosphate, Na,H,P;04,
without forming amorphous phases. From this at temperatures above 240°C
trimetaphosphate I and Maddrell’s salt are formed in proportions which
appear to depend in the first place on the water vapor pressure (229).
Usually the low-temperature form of Maddrell’s salt is the primary prod-
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uct, though the high temperature modification (into which the low tem-
perature modification is transformed above 300°C) often occurs as well.
From the former the trimetaphosphate is formed from about 400°C, and
this is the stable phase up to the melting point (625°C). If the melt is
quenched, it solidifies to the glass-like Graham’s salt, the mean chain
length of which (see Section IV, K, 7,a) depends on the water vapor pressure
and the melting temperature (364). On tempering at a little below the melt-
ing point and inducing crystallization by local cooling with the help of any
infusible foreign substance, the melt goes over into form A of Kurrol’s
salt, from which form B is produced by mechanical treatment or by expo-
sure to moist air. Further cooling of form A gives Maddrell’s salt (h),
while form B yields trimetaphosphate (316). Two unstable forms of trimeta-
phosphate, formed by tempering the supercooled melt at ~525°C have been
described (114, 173).

Under an equilibrium pressure of water vapor the system looks much
simpler.

solid solid solid
Na,H,P,0, Maddrell (h) Trimeta
NaH,PO, :g; melted 37—_50: melted ‘i‘_}—a_i melted
Na,H,P,0, Na,H,P;, O,y 1, NayH,PrnO i 41
NaH,PO, (n=1-"1) {(n=1-1)
vapor vapor vapor

Applying the phase rule, it is found that, in the two component system
NaPO; + H.0, a maximum of four phases is possible at the quadruple
points (199, 302). In addition to, at the most, two crystalline substances and
water vapor, an amorphous glass-like phase is always present. This phase
consists of mixtures of polyphosphates, the chain length of which rises with
increasing temperature. Only Na,H,P,0;, Maddrell’s salt (h) and trimeta-
phosphate occur as stable solid phases in addition to NaH,PO.,.

The second important section of the complete system Na,O—P,O—H,0
is the much-studied dry system NaPO;—Na,P:0; (Fig. 2). In this system,
in addition to trimetaphosphate, diphosphate, and melt, we find the tri-
phosphate NagP 301, which melts incongruently at 622°, forming crystalline
diphosphate, Na,P:0; (208). 1t is therefore obtainable in the pure state
only by tempering at below 622°C melts of the corresponding composition,
which have solidified to a glass. (For details see Section 1V,B,1).

B. Systems witHe OTHER CATIONS

The dry system K.O—P;05 is completely analogous to that with Na,O
(202). There is again a triphosphate, KsP;04, which melts incongruently
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at 641.5°C, forming the crystalline diphosphate K PyO;. On the other hand
the salt KH,PO, behaves differently from NaH,PO, on heating in the free
atmosphere. When it is heated stepwise to higher temperatures, the con-
stitutional water is given off and the high molecular weight polyphosphate,
the so-called Kurrol’s potassium salt C (213), is produced without observ-
able amounts of intermediate products. There is always an arrest point

o
1000 - 4
900
800 |-
Na, P,0, + Liquid
700 -
600 —
Na PO, +Liquid Nag P30,, + Liquid Na, P, 0,
+No, B, 0,
Na PO+ Nog P04
500 !
[o}] 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
NaPO, Weight froction Na, P, 0, Na,P,0,

Fic. 2. Phase diagram of the system NaPO;Na,P;0; according to Morey and
Ingerson (2083).

in the dehydration curve, which was at onc time interpreted in terms of
the supposed formation of di- or tetra-phosphate. The arrest point, how-
ever, arises from the fact that a solid crust of high-molecular polyphosphate
forms round the crystallites of KH,PO,. This crust breaks down if the in-
ternal pressure due to water which has been set free becomes great enough.
The high water pressure inside the crust also brings about disproportiona-
tion of oligophosphates, which are produced initially, into the two crys-
talline phases KH;PO, and Kurroll’s potassium salt. The intermediate
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oligophosphates are easily detected if the dehydration is done under in-
creased water vapor pressure or if KH,P(), is heated directly to higher tem-
peratures. In the direct heating of KH,PO, a lattice compound 2KH,PO,-
K.H.P.0; (25, 302) occurs as an intermediate; this compound is obtained
only by reaction in the solid state.

The compound Li(H.PO,) (215, 302) and the acid H(H.PO,) (143, 149,
210, 314) behave differently from the usual alkali hydrogen phosphates,

i ., 1 e A T R T CL R

Mono \ " 3 V& , *.. Mono

i (D S & ® @ - ™
Tetra (/’J ? o @ O o  Tetra

Ttm ) O ~r H
: =z e g () exa
: (& ]
<
(<]

Fre. 3. Chromatogram of the dehydration products of LiH,PO, obtained at various
temperatures.

though they resemble one another. Both are transformed gradually into a
whole series of polyphosphates with continuous loss of water. As is shown
in the chromatogram in Fig. 3, none of these products occurs alone at any
time, and finally the whole sample is made up of high-molecular lithium
polyphosphates or polyphosphoric acids. There are two crystalline forms of
high molecular Li,HsP,0;.41, the low temperature form always being
metastable. The ammonium compound NH.H.PO, behaves similarly to
LiH,PO, except that ammonia is partly lost on heating. As a result part
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of the salt goes over into polyphosphoric acid and the rest into water-
insoluble, high molecular ammonium polyphosphate (302). Dehydration of
CsH,PO, appears to be analogous to that of KH,PO, (215).

In the much-studied system NaPO;—Na,P;Or—K,P,O—KPO; the
equilibrium phases occurring are the compound NazP;040 - KsP3040, which,
like its triphosphate components, melts incongruently at 512°C, and the
compound 3NaPO;-KPO, (200, 202), which is recognized as a mixed tri-
metaphosphate, K;(P30,)-3Nas(P;05) (118).

Among condensed phosphate systems with polyvalent cations, the very
complicated calcium salts have been much studied and a great number
of compounds have been detected, often with several modifications (6, 27,
28, 84, 54, 79, 136, 187, 191, 198, 204, 211, 276, 305, 330). In this system
special interest attaches to the occurrence of crystalline cross-linked phos-
phates (see Scction V) and of calcium pentaphosphate, Ca;(PsO12)s (see
Section 1V,D,1). The end-product obtained by heating Ca(H.PO,). in the
free atmosphere is the high-molecular caleium polyphosphate, which crys-
tallizes in several forms. The condensed strontium phosphates (246, 305)
are similarly complicated and cannot readily be made the subject of a
brief review.

A comparative study of the products of dehydration of the dihydrogen
monophosphates of polyvalent cations showed that the stable end-products
for cations with ionic radii between 0.57 and 1.03 A (Cutt, Mgtt, Nitt,
Cott, Fett, Mntt, Zntt, Cdt+, Alt++) are tetrametaphosphates. When
the cations are either larger or smaller the end-products of dehydration
are crystalline high-molecular polyphosphates (Lit, Bett, K+, Rbt, Cs™,
Agt, Zntt, Cd+t, Hgtt, Catt, Srtt, Batt, Pbt, Crit, Fettt, Bit+), In
the case of the alkali salts only sodium trimetaphosphate occurs as a con-
densed phosphate with a cyelic anion (304, 305). Up to the present, an
alkali tetrametaphosphate has not been observed as the dehydration prod-
uct of a dihydrogen monophosphate. Consequently, alkali tetrametaphos-
phates are obtainable only indirectly. Reference is made later (Section
1V,C,4) to the fact that the tetraphosphates of barium, lead, and bismuth
are formed as crystalline phases from melts of the corresponding composi-
tion. There are also reports of various forms of several condensed phos-
phates of tervalent iron and aluminum (31, 242, 369).

I, Condensed Phosphates with Cyclic Anions. The Metaphosphates

The group name ‘“Metaphosphate” includes all compounds whose ions
have the composition (PO;),"~. On the hypothesis, which, hitherto, has
not been disproved by any experiments, that pentavalent phosphorus in
its oxygen compounds always has a coordination number of 4 with respect
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to oxygen, these compounds can only have cyclic anions. It is true that
analysis of high-molecular polyphosphates with chain-like anions yields

values which may approximate closely to the composition (POa),,.% Me,>

In fact, however, the chain ends are always terminated by OH groups
(254), so that the composition of the anions is (HyP,03.41)* and not

(f (”) O O
HO——IIIZ’—O*II’ R O~1|K)~O~I”’-OH (14)
O O (l)

\ |
(=) (=) (=) (=)

(POy),*. Contrary to the old nomenclature (340), which is still often used,
they should no longer be designated as metaphosphates. Such a change in
nomenclature is all the more important since the high-molecular polyphos-
phates in question differ clearly from true metaphosphates in that solutions
of true metaphosphates have a neutral reaction since they are salts of
strong acids: those of polyphosphates are weakly acidic on account of the
free OH end groups. In this review the term metaphosphate will be used
only for condensed phosphates with cyclic anions.

A. Tue HyporuericaL MoNo- AND Di-METAPHOSPHATES

The fact that the old literature refers to compounds with the same name
which we now know to be different, and also to identical substances by dif-
ferent names, is due to lack of knowledge of structures, inadequate experi-
mental methods and, above all, to the difficulty of identifying different
condensed phosphates. These factors are responsible for reports of the exist-
ence of what were thought to be mono- and di-metaphosphates, which are
fully discussed in Karbe and Jander’s comprehensive review (158) but
which have proved later to be incorrect (19, 81, 83, 117, 209, 317). A mono-
metaphosphate would have the structure,

:0: :Q:
Na* '.:O:: P ; O S 15)
:0: :0:

where phosphorus would be tervalent and short of electrons. Such a com-
pound would have the character of a radical, like 8O3, which is a monomer
only in the gaseous state. No compound of this sort which is stable under
normal conditions is known at the present time. Many indications, how-
ever, lead to the conclusion (719, 120, 364) that such monomeric radicals
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oceur in the thermal transformation of condensed phosphates, e.g., in that
of anhydrous potassium tetrameta- into trimeta-phosphate or of anhy-
drous sodium triphosphate into sodium diphosphate and high-molecular
polyphosphates.

Dimetaphosphates would have the constitution

o o ofF
NSNS

P P (16)
0/ \0/ \O

where two PO, tetrahedra are joined by two oxygen atoms, L.e., by a tetra-
hedral edge. In accordance with the prediction based on Pauling’s rules
(220, 221) that such polyhedral structures can hardly be stable, no dimeta-
phosphate is in fact known. Reports of the existence of such compounds
have, without exception, proved to be incorreet (81, 83, 317). It must be
borne in mind, however, that in many cases the designation dimetaphos-
phate has been used simply as a name which was not linked with a strue-
tural representation.

B. THE TRIMETAPHOSPHATES

1. Preparation and Structure

The chief representative of the metaphosphates is sodium trimetaphos-
phate, Na;(P30,), which was discovered in 1834 by Graham (102, 103) as
a product obtained by heating NaH,PO,, and was recognized as a trimer
by Fleitmann and Henneberg (93) fifteen years later. The best method of
preparing sodium trimetaphosphate is to temper Graham’s glass with an
exact sodium to phosphorus ratio of 1:1 between 300-600°, but best at
500°, and to recrystallize the resulting white crystalline mass from water.
The trimetaphosphate separates at room temperature as the hexahydrate.
Its purity can be established by the fact that the solution remains quite
clear on adding silver nitrate and, in addition, by chromatography.

Among the salts of trimetaphosphoric acid other than Nay(P30,), the
double salts NayKi(P;04)s (113, 200, 202) and CaNa,(P304). (198) can,
like Na;(P;0,), be obtained as stable solid phases from melts of the corre-
sponding composition. The trimetaphosphates of potassium, rubidium, and
cesium also may be obtained from mixed melts with other salts, particularly
nitrates (229). Since the work of Fleitmann and Henneberg a large number
of trimetaphosphates of other cations have been prepared, starting from
the sodium salt, from solutions of the free acid (119, 305). Reference will
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be made here only to the fact that the pure and mixed alkali salts are
easily soluble in water and the alkaline earth metal salts are not easily
soluble, e.g., Nay(P30,), 189, (362); Bas(P304)q, 1.039, (131). The salts
which are not easily soluble, however, separate only very slowly from
supcrsaturated solutions. As a result, it is relatively easy to separate tri-
metaphosphate from polyphosphates whieh are precipitated from acid
solution by Bat+, though only in special cases is the separation quantita-
tive (71, 130). In the system Na,O—P,0s—H,0 there are, in addition to
the stable ‘normal’ form of anhydrous sodium trimetaphosphate (199),
which is stable above 443°C under an equilibrium pressure of water vapor,
and which melts at 625°C (198), two other metastable forms differentiated
by their X-ray powder diagrams. They may be obtained by slowly cooling
(NaPOQ3), melts (67, 173). All three forms give identical solutions in water.

The possibility of preparing mixed salts of the type CaNa(P;04)-3H,0
led Fleitmann and Henneberg to the conclusion that the trimetaphosphate
is a trimer. That this is in fact the case, first appeared likely from freezing
point depression measurements with the aqueous solution (209) and was
finally established cryoscopically in melting Glauber’s salt (M souna 307-317;
M .. 306) (19). Proof for the ring structure of the anion, a structure which
has been postulated repeatedly in the past (232, 250, 329), is provided by
the observation that sodium trimetaphosphate is transformed quantita-
tively into sodium triphosphate by treatment with 2M NaOH (90, 311).

~ &O - 5-
N
‘ o +2NaOH |0 __O 0. 0O
3Na' |Og] | ol =] >pZ o Sp | 5Na"
P P -H,0 o~ o .07 "o
o7 "0 o P
[ 1
o

Na,(P,0,) + 2 NaOH —— H,0 + Na,P,0,,

From the Raman spectrum in aqueous solution the anion ring was con-
sidered to be planar (139, 268). Ou the other hand the infrared absorption
spectrum (57) of erystals of the stable form was interpreted in favor of the
more probable chair form (36). The only X-ray study of the crystalline
hexahydrate (40) published up to the present has proved to be incorrect
(212).

Attempts to bring about a direct reversal of the ring cleavage of the
trimetaphosphate have so far been unsuccessful. However, ring closure was
effected, though through a series of intermediate substances, by treating
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sodium triphosphate hexahydrate with a mixture of 3 volumes of glacial
acetic acid and one volume of acetic anhydride at room temperature. The
reaction

Nﬂ,sPan'GI’IzO + (CH;CO)zo d Nag(Paop)'leo + ZCHQCOONB. + 5H20 (18)

is quantitative after five days at 60°C (306).

The ring of the trimeta-anion is also broken by aqueous ammonia. The
amidotriphosphate results and this reverts to the trimetaphosphate with
loss of ammonia on acidifying the solution (234).

O (0] 8]
pH >9; + NILOH i | |
Na;(P,0y) ———=— HO—P—0—P—0—P—NH, 19)
pH < 3; — NH, | | |
79

T
Na Na Na
The formation of potassium trimetaphosphate by condensation reactions
at ordinary temperatures, and acid sodium trimetaphosphate, are dealt
with in Sections VI,B,3 and V,A, respectively.

2. Hydrates of the Trimetaphosphates

In addition to sodium trimetaphosphate-6-hydrate, which loses its water
of crystallization on exposure in the air without change in the anion, a 1.5
hydrate and two forms (I and II) of a 1 hydrate have been described. The
monohydrates undergo partial cleavage of the anion on thermal dehydra-
tion (306, 307, 320). The hydrate Liz(Py0y)-3H;0 undergoes a similar hydro-
Iytic cleavage when it is dehydrated (£19). Determination of space groups
and of the elementary cells have been made for anhydrous Na;(P;0s) and
the hydrates apart from form I of the monohydrate, the existence of which
is doubtful (212).

3. Physicochemical Properties of Trimetaphosphate Solutzons

Solutions of trimetaphosphates of strong bases have a neutral reaction.
The acid from which they are derived bchaves on titration as a strong
monobasic acid (62, 250, 294). Differences in the dissociation constants of
the threce OH groups have not hitherto been detected with certainty.
Measurements of electrical conductivity on trimetaphosphate solutions
and determinations of the solubility products of slightly soluble salts of
other cations in presence of sodium trimetaphosphate have led to the
conclusion that ion pairs such as Na(P;0g)*~ and Me!!(P;0g)~ are produced.
Dissociation constants for these are given in Table I (62, 152). The refrac-
tive index of solutions of the sodium salt corresponds with that of sodium
polyphosphate solutions with a very large anion chain length (110).
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TABLE I
Digsociation ConsTanTs (K X 107%) oF IoN Pamms CONTAINING THE
TRIMETAPHOSPHATE ANION [(P304)%7]

Cation Dissociation constant
with (P;0)2~ anion

Nat 0.065
Catt 3.5
Sr+t (196) 4.4
Bat+ 4.5
Mgt+ 4.8,
Mntt 2.7,
Nit+ 6.0
La*t** (197) 2.0

4. Hydrolytic Degradation of the Trimetaphosphate Anion

Solutions of alkali trimetaphosphates are practically stable under neu-
tral conditions and at 20°C or below. At a lower pH they are hydrolyzed
according to a first order law and transformed via tri- and di-phosphates to
monophosphates (10, 33, 51, 130, 238, 244, 293).

) H.0 H:0 H0
(Pa()g) s HzPsOma_ — H2P2072_ -+ I‘IZPO.;_ — 3H2PO¢— (20)

Each of the reaction rate constants is strongly pH- and temperature-
dependent and this dependence is different for the successive reactions.
Thus at pH 8 and 80° the hydrolysis constant of sodium trimetaphosphate
is so much smaller than those for the tri- and di-phosphate, that the latter
compounds are practically undetectable. On the other hand in strongly
alkaline solution, at pH 10 and 40°C, the hydrolysis constant of the tri-
metaphosphate is so much greater than those of its degradation products
that it s transformed practically quantitatively into triphosphate (130,
322) [Eq. (17)]. For the energy of activation of the hydrolysis of trimeta-
phosphate pH-dependent values between 19.6 keal (pH 7) and 21.8 keal
(pH 3) have been given (33, 130, 322); in the case of heat of hydrolysis for
the fermentative cleavage of the (P—O—P) bond in trimetaphosphate, a
value of —6.2 kecal at pH 7 and 33°C has been found for the change in
enthalpy, the change in free energy being —7 keal (193).

As in the hydrolysis of polyphosphates (Sections 1V,B,6 and IV,E,1),
hydrolysis of the trimetaphosphate anion is catalytically accelerated by
added cations. Their effect is attributed, as in the case of the polyphos-
phates, to the formation of “complex ions” of the type Ca(P;O0s)~ or
Ba(P30)~ and Na.(P:04)%= (130, 144, 146).
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5. Analysis of the Trimetaphosphate Anion

As described in Section VII, only chromatography is dependable for
determining the (P3;0,)* anion quantitatively in presence of other con-
densed phosphates. However, since trimetaphosphate does not rapidly form
a sparingly soluble precipitate with any other cation, especially in acid
solution, an approximately quantitative determination is possible after
precipitation of all other phosphates with barium (77, 130), provided
tetrametaphosphate is not present. It can also be determined by quantita-
tive evaluation of infrared spectra (58) and, when only crystalline sub-
stances are present, by Debye X-ray photographs (178).

C. THE TETRAMETAPHOSPHATES

1. Preparation and Structure

Whereas sodium trimetaphosphate is easily obtained by tempering
Graham’s salt, the water-socluble alkali tetrametaphosphates arc made
only by indirect routes. One is by way of the water-insoluble tetrameta-
phosphates of polyvalent cations with ionic radii between 0.57 and 1.03 A
(Cutt, Mgtt, Nitt, Cott, Fett, Mntt, Zntt+, Cd+t, Alt++)) which are
formed by heating the corresponding di-acid monophosphate with a small
excess of phosphorie acid (304). From there the best route is, as Fleitmann
(92) and many later workers have observed, to treat the copper salt with
a solution of sodium sulfide and so obtain copper sulfide and a solution of
sodium tetrametaphosphate (3, 8, 334). The tetrahydrate, Nay(P40,2)-4H0
is obtained pure from the solution by recrystallization. The sodium salt is
more conveniently obtained by careful hydrolysis of the readily volatile
maodification (P,0,) of phosphorus(V) oxide by means of cold caustic soda
or sodium bicarbonate solution (8, 12, 33, 50, 238, 244, 321, 326, 327, 331,
356). Yields of Nay(P40,2) are strongly dependent on the quality of the
phosphorus(V) oxide used. Alkali salts of tetrametaphosphoric acid are
soluble in water. The salts of barium, lead, and many organic amines, such
as benzidine and toluidine, are not easily soluble and may be precipitated
from aqueous solution (87, 137).

The molecular size of tetrametaphosphates was not clear for a long time.
It was first established that these substances are derived from a tetrameric
acid by determining the molecular weight from measurements of the frecz-
ing point depression of an aqueous solution of the sodium salt (209) and by
cryoscopy in melting Glauber’s salt (Miouna 395418; M., 408) (12, 17).
Final proof that tetrametaphosphate consists of a ring of four PO, tetra-
hedra came from a determination of the structure of Al,(P,0y)s (222) and
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the practically quantitative transformation of Na,(P,01,) by caustic soda
into tetraphosphate. This follows a second order rate law (233, 312).

[ O 0= 14~ 0

{ i 2NaOH [ l I I

("()~IT~()~I}’=O 4Na* u S NaO—P ~0—~II3—O—I"—O—P~ON:1 (21)
—H;
(') (’) ONa ONa ONa ONa
O:Il’ *O~ﬁ——0(_)
0 O

L Na4P401-z + ZN{LOH — Hg() + Na51’4013

The tetrametaphosphate anion is transformed into the amidotetraphos-
phate, (P,0,:NH;)*, by concentrated ammonia solution just as the anion
ring of trimetaphosphate is clcaved by ammonia to amidotriphosphate.
Acidification of the solution results in partial reconversion to the tetrameta-
phosphate anion, but there is also partial hydrolysis to NHs* and tetra-
phosphate ions as well as to amidomonophosphate and triphosphate ions,
with simultanecous formation of trimetaphosphate (300). A complete struc-
ture determination has becn made for ammonium tetrametaphosphate (1)
from which the cyclic structure of the anion is evident (245). The diacid
salt Na,Ha(P,O1,) (108) (see Section V,A) is also undoubtedly a tetrameta-
phosphate (150) (for structural data, see Section IV,E,3).

The infrared and Raman spectra of sodium tetrametaphosphate differ
little from those of the trimetaphosphates (57, 139). The Raman spectra
of crystalline tetrametaphosphates vary with the nature of the cation
(275) and, from the infrared spectra, different symmetries are assigued to
the anions of different salts.

2. Tetrametaphosphate Hydrates

A deca-hydrate of sodium tetrametaphosphate is known, which goes
over above 25°C into the low-temperature form of the tetrahydrate. This,
in turn, gives the high-temperature form above 54°C and the anhydrous
salt is formed above 75°C (12). From 250°C the anhydrous salt takes
up small amounts of water from the atmosphere and passes over into
Maddrell’s salt with long chain-like anions (119, 241, 326). The lithium
salt crystallizes with four molecules of water of crystallization, two of which
are given up above 60°C. The remaining two are much more difficult to
remove and there is simultaneous hydrolytic cleavage of the anion. The
products, when further heated, change preferentially to tetra- and octa-
phosphate and finally to high-molecular polyphosphate (119).

Potassium tetrametaphosphate crystallizes with two molecules of water
and becomes anhydrous at 100°C. Above this temperature the anhydride
takes up water from the atmosphere and goes over to the high-molecular
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Kurrol’s potassium polyphosphate through a whole series of intermediate
polyphosphates. The fact that potassium trimetaphosphate is formed by
direct heating of K,(P,O1:) to temperatures above 200°C is an indication
of the occurrence of radical-like fragments as intermediate products (119).

3. Physicochemical Properties of Solutions of Tetrametaphosphates

Tetrametaphosphoric acid behaves in aqueous solution as a strong acid
(326, 334), the fourth H* ion of which is, however, appreciably more weakly
dissociated than the first three (62). Solutions of their alkali salts are
neutral.

Measurements of the electrical conductivity and solubility of difficultly
soluble salts in sodium tetrametaphosphate solutions (62, 151, 196, 197)
and potentiometric titrations lead to the assumption of the existence of
“complexes” of the type of Nat+(P,0y,)%; Bat+, Sr++, Catt, Mgtt, Mntt,
Ni++, Cu++(P4O,2)2‘; La(P4012)‘; CU(P4012)26‘ and Ni(P4O]2)26«. No com-
parable dissociation constants for these have so far been given, though in
any case they will be smaller than for the corresponding ion pairs of the
trimetaphosphate anion (145).

4. Hydrolytic Degradation of the Tetrametaphosphate Anion

The alkali tetrametaphosphates are stable in aqueous solution at or
below room temperature provided the pH is between approximately 5
and 10 (61). Temperatures of about 40°C and higher, or lower pH values,
bring about hydrolysis to monophosphate through several intermediate
stages

Tetrameta — Tetra — Tri + Mono — Di + Mono — Mono (22)
(12, 33, 60, 61, 244, 312, 322, 355)

In strongly alkaline solution hydrolysis of sodium tetraphosphate
takes place so much more slowly than that of the tetrametaphosphate that
tetraphosphate accumulates in the solution in a practically pure state

TABLE II
DecomposiTioNn Havr-Lives FoR Soprum TRIMETA- AND TETRAMETAPHOSPHATE
ANIONS IN AQUEous SorutioN AT 60°C as A Funcrion or PH

pH Trimeta Tetrameta

1 17 minutes 2.48 hours
3 1.7 days 6.5 days
69.3 days 116.5 days

(812). In acid solution, where the hydrolysis proceeds according to a first
order law as long as the pH is constant (33), all the intermediate products
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may first be detected chromatographically. The energy of activation in
acid solution is 20 keal, i.e., very similar to the trimetaphosphate value
(19.6-21.8 kecal). The stability of tetrametaphosphate under compara-
ble conditions (e.g., at 60°C), however, is greater than that of the tri-
metaphosphate, as may be seen from the half-lifetimes (322) (Table II).
That hydrolysis of the tetrameta ion is catalytically accelerated by added
cations, at least in alkaline solution, is shown, for example, by the effect
of the Nat ion (146).

D. METAPHOSPHATES WITH MoORE THAN Four PHOSPHORUS ATOMS IN
THE ANION

It seemed probable, from the early results of chromatography, that
the hydrolyzate from Graham’s salt contains metaphosphates with more
than four phosphorus atoms in the anion ring (350). A little later (186)
the metaphosphate content of a freshly prepared solution of Graham’s
salt with a mean chain length 7% of 100-125 was given as:

TABLE 111
PERCENTAGE OF METAPHOSPHATES WITH VARIOUS NUMBERS oF UNITS IN
THE AN1ON RING IN GrAHAM'S SavnT

Number of P atoms in the ring 3 4 5 6 27
Per cent 3-9 2.5 0.75 0.5 <0.5

With a chromatographic liquid more suited to the separation of the meta-
from the polyphosphates (15), the existence of pentameta- and hexameta-
phosphates was shown conclusively, though they have not yet been iso-
lated on a preparative scale and their coustitutions have not been proved.

IV. Condensed Phosphates with Chain Anions, The Polyphosphates

The polyphosphates include all compounds with the composition
Mesr,2P,0g.p1, or Me,JH,P,0;,.;. The first members are the dihydrogen
monophosphates, Me'™H,PO,, which are stable and go over into members
of the series with higher molecular weight by condensation. Their anions
are chain-like.

1 i

HO— I—O—l}’—~0 . ()~6~OH (23)
0] 0
H H H

The free acids carry a strongly dissociated acid OH group on each phos-
phorus atom and each of the two ends of the chain has a weakly dissociated
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OH group. Solutions of their “neutral” alkali salts, therefore, have a weakly
alkaline reaction, while the ‘“‘acid salts” in which the terminal OH groups
arc not replaced by cations, are weakly acid.

Only the members with low molecular weight can be prepared directly
in a pure form: all those of higher molecular weight occur as mixtures of
individual members of the homologous series of polymers. Starting with
the chain length n = 3, all polyphosphates are distinguished by their ability
to bind polyvalent cations so firmly that they can no longer be detected by
ordinary precipitating agents. Among other properties, their absorption on
solid surfaces of all sorts is specially important (cf. Section 1V ,I,7.d).

A. DIPHOSPHATES

1. Recent Advances

Pyro- and di-phosphates, the simplest members of the group of con-
densed phosphates, are so well known that only the results of recent inves-
tigations will be described here, and ounly in so far as they bear on the chem-
istry of condensed phosphates. Thus, ever since Clark’s investigations (52),
it has been common knowledge among chemists that diphosphates are
obtained by heating monohydrogen phosphates, or by double decomposi-
tion of other diphosphates. It was unexpected, however, to find that an
equilibrium

2H,PO;~ = H.0 + H.P:0:* (24)

is established from both sides in concentrated aqueous solutions of sodium
dihydrogen mono- or di-phosphate at 80°C or above with about 6000 parts
of NaH,PO, and 16 parts of Na;H,P,0;. The enthalpy of the hydroly:

reaction is —4.7 keal, the free energy of hydrolysis of the P—O—P syst o
is —3.2 keal, and the activation energy for the formation of H.P,0:* is
about 30 keal (261). An enthalpy of —5.81 4 0.13 kecal has been found by
direct calorimetry for the enzyme-catalyzed hydrolysts at pH 7.3 (100).

It has now been clearly established (179) by a complete structure deter-
mination on Na,P;0:-10H,O that the oxygen valency angle in pyrophos-
phates is not 180° (172, 370), but 134° (see also Section I'V,H,3). The exist-
ence of two different forms of Na,H,P,0; has been reported (30, 170). It
has also been proved that the two phosphorus atoms are equivalent (227).

2. Complex Formation by the Diphosphate Anion

The existence in diphosphoric acid of two strongly and two weakly dis-
sociated H* ions has been known for a long time, New determinations cf
the separate dissociation constants have given the values:
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TABLE 1V
ErectroLyTic DissociaTioNn CONSTANTS FOR DIPHOSPHORIC ACID
K, K, K; K, Reference
0.107 7.58 X 1073 1.45 X 1078 9.81 X 107 (60)
— — 1.5-2.5 X 1076 40 X 107 (44)
— e 0.9 X 108 4.07 X 10~ (140)

Not only hydrogen ions are relatively strongly bound to the pyrophos-
phate anion. Thus, for example, the salt Ba,P:;0,, which is not easily
soluble in watcr, is brought into solution by an excess of pyrophosphate.
Furthermore, electrometric and conductimetric studies have established
(16, 140) that most polyvalent cations and also the T1t ion (265) are bound
in “complexes” of various sorts. Quantitative studies show that the forma-
tion constants for the ‘“‘calcium complexes” of the POz ion have values
which are about a power of ten smaller than those for the corresponding
“complexes” of the triphosphate anion (748). (For data, see Section
IV,B,8.)

3. Hydrolysis of the Diphosphate Anion

Alkali diphosphates are practically stable in alkaline and neutral solu-
tions, but they are more and more rapidly hydrolyzed with decreasing pH.
Over the whole pH range, however, they are more stable, under the same
conditions, than all other condensed phosphates. Hydrolysis is accelerated
by an increasing temperature or ionic strength (44, 346). The table below
shows the dependence of the rate constant for the hydrolysis on pH at

TABLE V

. Rare ConsTanNTs FOR DirnospHaTE HyDRoLysis as A FuncrioNn or pH
1 4y 1K

pH 2.0 2.8 3.0 4.9 5 6 9.3 10.9  Reference
5.4 — 3.31 — — 1.25 0.1 0.048 60)
kX 10 — 4.04 — 2.99 2.90 — — — (270)
(min™!)

65.5°C. This dependence is attributed to the differing sensitivity to hy-
drolysis of the various pyrophosphate anions (44, 60) which can be differ-
entiated by their infrared spectra (208).

B. TRIPHOSPHATES

1. Preparation

The most important compound in the series of low molecular weight
polyphosphates is the sodium salt of triphosphoric acid, NasP;O1, which
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was first reported in detail by Topley (326). It is formed, as Schwarz (263)
(its discoverer) and, somewhat later, Stange (273) showed, when any mix-
ture of sodium phosphates with a Na;O :P;Os ratio of 5:3 is melted and the
melt is cooled, though the cooling should not be too slow. The yield of tri-
phosphate depends on the way of cooling (4, 142, 203, 218).

949

2°C
zNas %3040 — rNuaPy0; + (NaPOs). (25)

The triphosphate melts incongruently at 622°C and decomposes in so
doing into crystalline diphosphate and a polyphosphate melt in which the
diphosphate gradually dissolves as the temperature is raised further until,
at 860°C, the whole mass is a homogeneous liquid. On quenching, this
melt solidifies to a glass. If cooling is carried out moderately rapidly, fine
crystalline needles of diphosphate separate in the polyphosphate glass.
On cooling slowly, on the other hand, coarse diphosphate crystals separate
together with more or less triphosphate and some trimetaphosphate. The
residue remains as a glass. To prepare triphosphate in this way it is best to
quench the melt and then temper it at a temperature below the incongruent
melting point (<622°C). In this process a modification (I), which is unde-
sirable for technical purposes, crystallizes above ~470°C, and the tech-
nically important form (II) crystallizes below this temperature.

The glass which is formed by heating triphosphate was formerly thought
to contain a single “metaphosphate.” Experiments with paper chromatog-
raphy have shown, however, (115) that above the incongruent melting
point it consists of a mixture of oligophosphates with chain lengths between
n = 2 and > 10, and that the mean chain length n decreases progressively
with rising temperature as more diphosphate is dissolved by the melt.
When molten triphosphate at ~630°C is cooled rapidly, the glass contains
relatively large amounts (up to 209,) of high molecular weight polyphos-
phates (120) which are formed by polymerization of the monomeric radical-
like NaPO; groups formed initially [Eq. (25)]. They first react with the other
polyphosphates in the melt when the temperature is increased until, above
860°C, the equilibrium distribution of chain lengths has been established.

Preparation on a technical scale now starts, in general, from solutions
containing mixtures of Na,HPO, and NaH,PO, in which the Na,O:P.Os
ratio is 5:3. In the “Sprithtrocken” process these solutions are evaporated
and the resulting salt is calcined in a rotating furnace at 300-400°C. This
process gives a product containing 85-94%, of triphosphate, but small pro-
portions of diphosphate, trimetaphosphate, and some polyphosphate glass
are always present

2Na2HPO4 + Na.HQPOq b Nﬂ.sPaol() + 2[12() (26)
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The mechanism of reaction (26), leading to triphosphate formation, is
complicated (88, 133, 190, 231). It occurs through two intermediate stages
which depend on the nature and amount of the water content of the melt,
the atmosphere, and the mode of heating. In any case the presence of water
is necessary for triphosphate formation in order to hydrolyze again the
P—O—P bonds of high-molecular anions and to catalyze the crystallization
of triphosphate. The main reaction, however, consists in all probability
in the primary formation of the double salt Na;H;(PO,),. After that,
[HP;O,]*~ ions are formed which finally condense with [HPO,]*~ ions to
give triphosphate anions, with elimination of water

(HPO(*~ + (HP,O:*~ — [P0~ + HxO 27)

A third method of preparing triphosphate (311), which is suitable for
laboratory purposes, involves alkaline hydrolysis of the readily available
trimeta phosphate (see Section 111,B,1). Cleavage of the trimeta ring takes
place according to reaction (29), leading to the formation of NasP;0.:6H,0O
(233, 317), which is obtained with a purity of 99-99.59, by dissolving in
water and precipitating with alcohol (233, 235).

2. The Two Modifications (I and II) of Sodium Triphosphate

Huber (142) first suspected that sodium triphosphate occurs in two
modifications when he observed that quenched triphosphate melts, after
tempering at high tcmperatures (< 622°C), broke up during cooling into a
fine powder. Proof of the existence of a high- and low-temperature form of
Na;P;01, I and II, was obtained by Andress and Wiist (4) from Debye
diagrams. However, the relationship between these two forms is still not
clear. The transition I =2 II at 417 & 8°C is reversible in a sealed tube
only if water is present (207). With finely powdcred preparations the tran-
sition II — I is observed at about 470° but not the transition I — II,
irrespective of whether one works in a dry or a moist atmosphere (230).
This seems to be inconsistent with the frequently observed transition from
I to II accompanied by disintegration which oceurs, though not invariably,
and for the most part not completely, on cooling crystallites of the high
temperature form which first separate from the melt. These relationships
appear to be similar (326) to those in the transition 8-Ca,Si0; — v-CapSiO,
(97, 123, 301, 368). In both cases the transformation from the high- to the
low-temperature form occurs with an increase in volume; Na;P;0 (1) has
a density pr = 2.62 and NagP;0+(I1) a density pir = 2.57 g/em?. It is
not yet clear why the high temperature form I is also produced occasionally
at temperatures which are far below ~400°C.
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3. The Structure of the Triphosphate Anion [P30]*~

Proof for the structure of the triphosphate anion comes from its com-
position and the cryoscopic molecular weight in molten Glauber’s salt
[values found, 372 (19) and 364 (317): calculated, 367.9]. Assuming that
phosphorus has a coordination number of four with respect to oxygen, the
anion structure can only be represented by the formula

e ¢ o2
() s
0O—P—O0—P—-0—P-—-0
i i | (28)
o 0O O

(-) (-) (-)

This formula also corresponds with the fact that dissociation is strong in
three and weak in two of the five H* ions in triphosphoric acid (250).
The correctness of the structural formula is also supported by the quantita-
tive formation of triphosphate from trimetaphosphate on cleaving the anion
ring with strong alkali (90, 311). Final proof for the structure of the tri-

NaO,___O
AN
0 i i
0%1'3 11)/0Na + 2NaOH—>-NaO~—1}3—O—1,>——O-I,)—ONa + H,0 (29)
Na0” o7 N0 0 0 0

Na Na Na

phosphate anion is furnished by determination of the crystal structure of the
two forms of NayP;0.(I) (63) and (II) (56). The anions of the two forms

Fig. 4. Structure of triphosphate anion in the two crystalline forms of NasPiOio
(I and II), according to Corbridge (56).
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are similarly constituted of three not completely regular PO, tetrahedra
joined to one another through oxygen (Fig. 4). Both have a trans configura-
tion and are exceedingly similar in all essential structural details. Only the
coordination of the Na ion is significantly different in the two forms and
this difference is discussed in the next section. Reports of the existence of
a “polymeric” form of the triphosphate (161) have been found to be incor-
rect (340).

4. Hydration of the Two Forms of Sodium Triphosphate

The same hexahydrate, NasP;010-6H;0 separates as a stable solid phase
from aqueous solutions of forms I and II of NasP;0. Below 20° and with
rapid evaporation of the solvent an octahydrate can also form (19, 141),
though this passes over into the hexahydrate on exposure to air, or over
sulfuric acid.

The behavior of the two forms on solution is very different. NasP 30 ,(I)
cakes rapidly when treated with water forming a tough hard mass which
dissolves only slowly. This modification is therefore undesirable as a con-
stituent of detergents. Modification II, on the other hand, dissolves nor-
mally. This difference in behavior is due (189, 326) to the fact that modifica-
tion I is very rapidly hydrated on contact with water and separates as
hexahydrate. The high concentration of the solution near the surface of
modification I gives rise to a high concentration of seeds of the hexa-
hydrate and a corresponding rapid formation of the crystalline solid phase
NasP3010-6H0. Modification IT has a much smaller solution rate and, as
a result, no high concentrations of solution or seeds occur near the crystal-
lite surfaces, though supersaturated solutions form readily. Preparations
of IT with a high surface area approximate in their behavior to NasP300(I).
A corresponding behavior is observed on exposure of the two forms to water
vapor at 50°; for example, I is completely transformed to hexahydratc in
5 days whereas II requires 25 days (126, 371).

The reason for the different behavior of the two crystalline forms of
NagP3;050 does not lie in a difference in the constitution of the anions. As
chromatography shows, both modifications give identical solutions. The
anions are also practically identical in the crystal (sce Fig. 4). Their rela-
tive situations in the lattice are also hardly different, but the coordination
of the Na ion does vary. In modification IT, which hydrates slowly, all Na+t
ions are surrounded octahedrally by oxygen, but in the rapidly hydrated
form, I, (see Fig. 5), on the other hand, part of the Na+ ions are only
tetrahedrally coordinated. It is conceivable that the low coordination of
Na* ions and the desire to increase this is the cause of the great tendency
to hydration of NasP3;0y; whether essential changes in the lattice as a
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Na, Na, Na

3

Fic. 5. The oxygen ecoordination of the Na* ions in the form I of sodium triphos-
phate, NasP;On0.

whole are associated with this hydration can be decided only when the
structure of the hexahydrate is known.

4. The Thermal Decomposition of the Hexakydrate NagP ;0166 H,0

Both forms of anhydrous sodium triphosphate are unstable with respeet
to combination with water, and cannot therefore be prepared from agueous
solution. Likewise they cannot be obtained by dehydration of the hexa-
hydrate (19, 141, 142, 326) as long as the dehydration temperature is less
than ~150°C. When the hexahydrate is heated in an open atmosphere to
about 120° it first loses only about five molecules of water (238, 317).
The residual molecule of water simultaneously causes hydrolysis and splits
the triphosphate anion to erystalline diphosphate and amorphous mono-
phosphate, perhaps according to the equation:

Na;P;00 4+ H0O — NaP:0; + NaH,PO, (30)

Decomposition of the hexahydrate is certainly not represented by such
a simple equation (233, 266, 372). In general the ratio di- to mono-phos-
phate is greater than unity and, after prolonged tempering, crystalline
Na;HP.0»H,0 and Na,HPO, can be detected in addition to Na,P.Os.
As in the case of the preparation of NagP30y from Na,HPO, — NaH.PO,
solutions, the course of the thermal dehydration of Na;P;0.6H,0 is
dependent on many factors, such as water vapor pressure, temperature, the
mode of heating, crystallite size, and so on (296).

The low temperature form of the triphosphate, NasP;0,(11), is formed
with the loss of residual water from the mixture of decomposition prod-
ucts by raising the temperature to ~130-150°C. Direct dehydration to
Na;P;0:0(II) also occurs, partially at least, by simply and directly heating
the hexahydrate in vacuum or in boiling toluene (110.8°C) (266, 372).

The triphosphate reacts with substances which are relatively basic in



CONDENSED PHOSPHATES AND ARSENATES 31

character in a way which is similar to its reaction with water. Thus, it reacts
with sodium fluoride in the melt with partial formation of Na,PO;F (134)
and with NajPO,, even in the solid state, from 260°C, to form Na,P;O:
(228).

6. Hydrolyses of the Triphosphate Anion in Aqueous Solution

In aqueous solution at pH 7-9 at room temperature the triphosphate
anion, like the anions of all polyphosphates, is practically indcfinitely
stable. With increasing temperature and decreasing pH, however, it under-
goes increasingly rapidly a hydrolytic breakdown involving a first reaction
step which leads to formation of monophosphate and diphosphate.

[Pan]s_ + H,0 — [IIPgOﬂa— -+ [I‘IPOAZ— (31)

In the second step diphosphate is further hydrolyzed to monophosphate at
about a third of the rate (4, 10, 326). Both hydrolytic processes occur inde-
pendently (270) according to a first order reaction at a constant pH (60,
166, 233).

The hydrolysis undergoes strong catalytic acceleration by added
catlons, provided the solution is not too acid (6, 7, 106, 346, 348, 361). The
mode of action of the cations, which include the H* ion, is likely to be simi-
lar to that in the hydrolytic degradation of high-molecular polyphosphates
(see Section IV,I5,1,¢). Added eations have a retarding effect in strongly
acid solution (96). The hydrolysis reaction is accelerated in strongly alkaline
solutions (60), but this is attributed to the cations introduced with the
alkali and not to OH~ ions (846, 348). Suspensions of various sorts of en-
zymes and living cells can also accelerate hydrolysis greatly (160). Hy-
drolysis data for the triphosphate can be well presented nomographically
for practical purposes (111).

7. Triphosphates with Other Cations

a. The potassium salt. A compound KP;01, analogous to NasP;Ou,
may be prepared by the method used in the case of the sodium salt (19,
205, 213). It melts incongruently at 641.5°C and forms crystalline KP,0O
and a melt in which, as with NasP:01, the K,P.0; dissolves with increasing
temperature until the whole mass is liquid at ~940°C (200). Potassium
triphosphate is hygroscopic and very readily soluble in water (19). On
exposure to the atmosphere it takes up two molecules of water to form an
a-form of the dihydrate. A second or g-form, which is different in its chemi-
cal behavior, is produced by precipitation of the aqueous solution with
methanol (205). Proof of the existence of a compound NayP30 - KsP3O1 is
provided by the melting point diagram of mixtures of the two components
(202).
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b, Acid triphosphates and triphosphoric acid. A crystalline acid triphos-
phate NagP;0-Na;H;P;0:-3H,0 (= NaHP;0:1-56H,0) is precipitated
by aleohol from an acetic acid solution of NagP;01 (741). When heated it
decomposes, like the neutral salt, into di- and mono-phosphate (238). From
a hydrochloric acid solution of Naz;P;0y, crystalline Na;HP304-1:4H;0 is
formed and this gives NasH;P:0; and Maddrell’s salt on heating (30). An
analogous compound, K;H,P;0:1-2H,0, which is very hygroscopic and
thermally unstable, is also known (26, 67). The acid salts Ca,HP;0, and
Ca3(HyP3010)2, which are formed by heating Ca(H.PO,).-H,O (187, 206,
211, 305), and the compound AIH,P3010-2H.0 (31) have also been described.

Free triphosphoric acid has hitherto been obtained only as an aqueous
solution prepared by ion exchange from the sodium salt. The dissociation
constants are (337): K; = very high; K, = 1071-1; K3 = 1072:3; K, = 1075-%;
K = 1078, These values verify the old observation that triphosphoric
acid has three strongly dissociated and two weakly dissociated H+ ions
and explains why aqueous solutions of alkali triphosphates have an alkaline
reaction.

¢. Triphosphates with polyvalent cations. A large number of triphosphates
with polyvalent cations are mentioned in the literature. Those most com-
monly occurring are of the types Mes!Me!'P;010-aq, Me'Me,!'"P;040:aq,
Mest 1 (P3Omn)2raq and Mes'(PyOy0)3-aq, which are slightly or extremely
slightly soluble in water but, in most cases, dissolve in cxecess of triphosphate
(16, 18, 19, 39, 45, 76, 98, 99, 233). Special mention may be made of the
well crystallized compound NaZn,P,01-9H.0, described by Schwarz (263)
and Huber (141, 1/2), which is valuable because of its low solubility for
the rapid identification of triphosphates. Triphosphates also give precipi-
tates of low solubility such as (Co(en);)H:P3010:2H;0 with complex cobalt
cations (187, 188, 35%). The compound Na;MgP;0-12H,0 has been fairly
fully investigated (66).

8. The Bonding of Cations to Triphosphate and Diphosphate Anions

The fact that most triphosphates of polyvalent cations which are
difficultly soluble in water arc soluble in excess of triphosphate, and that
such polyvalent cations (e.g. Catt) are either not precipitated or not quan-
titatively precipitated by the usual reagents from solutions of their salts
containing triphosphate, has become of great commercial importance in
water softenmmg (90). The term ‘‘sequestration’ is used in this connection.
Numerous publications have appeared which are not mentioned in detail
here, and which attempt to determine this property quantitatively. In
general, the effect is attributed to the formation of relatively stable “ion
pairs” or ‘“‘complexes,” the stability of which is defined by the formation
constants K or K’.



TABLE VI

SeLkctiox oF Mosr ImporTaNT ForMaTION CoxsTaNTs FOR COMPLEXES, EXPRESSED As px VALUES (= —rLoG K)
A. TripHOSPHATE COMPLEXES

Tonic strength NaP;0t SrP;046°~ CaP;0,5°~ MgP;0.%~ CaHP;0,% MgHP;0,02~
0 2.8 (366) 7.2 (366) 8.1 (366) 8.6 (184) — 3.7 (184)
— — 6.90 (148) — — —
0.1 — — 4.95 (184) 5.80 (184) 3.78 (148) —
— — 6.41 (148) — 3.1 (184) —
1 1.64 (336) -— 5.44 (335) 5.83 (167) 3.01 (333) 3.34 (167)
— — 5.36 (148) —_ 3.30 (148) —
B. DirnosrHaTE COMPLEXES
Ionic strength NaP.O0:~ SrP.02~ CaP,0:2~ MgP.02~ CaHP, O~ MgHP.0;:~
0 2.3 (366) 8.9 (366) 6.8 (366) 7.2 (366) — —
2.35 (195) — 5.60 (148) — — —
2.22 (64) — — — — —
0.1 — — 5.39 (148) — — —
1 —_ -— 4.95 (835) 5.41 (157) 2.30 (335) 3.06 (167)
— — 4.89 (148) — 2.22 (148) —
3.32 (148)

ANV SULYHJISOHd dHSNHUINOD
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149
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} Mer [P0~ , ] [H P30t~
k= }1\-%21)3]([)1;?—11-{ or K" = %ZH]IES(I),:&H 82)
In essence there are three ways of determining these constants, namely,
conductimetry (195, 336), potentiometry (184, 289, 337, 366), and the deter-
mination of the solubility of sparingly soluble metallic salts in presence of
triphosphate (148, 167, 335).

The method using pH determinations, for example, depends on the fact
that the pH of a solution of sodium triphosphate is decreased by the addi-
tion of salts containing the cation under investigation—c.g., NaCl or
CaCl, (95, 248, 345). The quantity of H* ions set free in this way is deter-
mined potentiometrically and the formation constant of the complex is
determined on the basis of the equilibria involved, such as:

H* 4 P;0,~ = HP;05'~ and Ca?~ + P;01~ = CaP;0.0%~ (33)

The following values have been given for these constants, which often show
good agreement for the different methods (Table VIa). It will be seen
that the Me!'P,0 % complexes are more stable than those of the type
Me!HP;0 %, that their stability increases in the order Nat < Srtt <
Catt < Mgt (i.c., with increasing charge and decreasing radius of the
rare gas-like cation), and that increase in ionic strength of the solution
diminishes the stability of the complex strongly. If one compares the recent
data given here with corresponding values for diphosphates (see Table
VIB) it 1s found that the pK values for the triphosphates are in general
about 0.5-1 pK unit greater than those for diphosphates. This represents
about a factor of three in the strength of binding of the cation in triphos-
phate complexes compared with that for the diphosphates.

TABLE VII
FormaTiION CoNsTANTS pr(= —log K) ForR COMPLEXES OF TRIPHOSPHATES
wIiTH lons NoT Having TuE RARE Gas CONFIGURATION

Tonic strength ZuP;00% CdP;0*~ Mg, (P3010)2%
0 9.7 £ 0.5 (366) 9.8 £ 0.5 (366) —_
0.75 — — 11.32 (Triphosphate) (367)

12.38 (Diphosphate)

Ions which do not have a rare gas configuration appear not to fit into
this rule. They are much more firmly bound than the alkali and alkaline
earth cations. A dependence on radius is not observed and for Hg(l) the
binding is stronger with the diphosphate anion than with triphosphate
(366). (See, also the binding of cations by highmolecular polyphosphates,
Section IV,E,I,d.) For the analysis and determination of triphosphates,
see Section VIIB,
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C. TETRAPHOSPHATES

1. Formation and Preparation

It has been shown repeatedly (4, 19, 20, 142, 263) that, contrary to
earlier reports, pure sodium tetraphosphate, NagP,0,;, cannot be obtained
in a crystalline form from aqueous solutions of melts of the corresponding
composition (94, 253) or by thermal dehydration of Na;HP.(; (217). The
only crystalline phase to separate from such melts is the triphosphate,
Na;P3010; the residue is a glassy mixture of various condensed phosphates
(208, 218). Nevertheless, all glasses obtained by quenching melts in which
the Na:P ratio is over 2:1 contain considerable quantities of tetraphos-
phate in addition to other poly- and meta-phosphates. Chromatographic
analysis of such glasses gave the following tetraphosphate contents. It has

TABLE VIII
CoNTENT oF TETRAPHOSPHATE IN PoLyprosPHATE GrassEs, EXPRESSED
A8 PERCENTAGE OF THE ToraL PHOSPHORUS

H. Grunze (115) Westman and Gartaganis (354)
Na:P 1956 1957
5:3 21.3 20.41
6:4 26.6 27.43
75 20.9 19.93
8:6 15.5 14.59
9:7 — 11.59
11:9 — 7.34

not so far proved possible to isolate pure tetraphosphate from such glasses
in more than milligram quantities (see also Section VII,D),

Pure or very nearly pure sodium tetraphosphate is obtained in the
bimolecular reaction involving alkaline cleavage of the eyclic anion of so-
dium tetrametaphosphate in aqueous solution at temperatures up to 40°C
(238, 312, 355, 856). The tetraphosphate NasP,O,;5-aq

— —
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O=P-0—P=0 S 9 9 i
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may be obtained from the aqueous solution in a state of considerable purity
by repeated reprecipitation with acetone or alcohol.

2. Constitution and Properties of Sodium Tetraphosphate

The tetraphosphates of Na* and K*, which have not hitherto been
obtained in the crystalline state, are obtained on precipitation in the form
of colorless oils with a variable water content. The acid from which they
are derived, HgP,013, has four strongly and two weakly dissociated H* ions,
which proves the ion to be a linear chain and discounts the idea of an iso-

PR I
HO—I]’—O—Il’rﬂo—~ll)~——0~-l|’—() IT HO_II)_O_P_O—IIJ_OH (35)
0 0 0O 0O O O
H H 1T H H {) H
Ozl—OH
O
11

(a) (b)

form (b) with a branched chain. The iso-form would have three strongly
and three weakly dissociated H* ions. Tetraphosphate, therefore, fits cor-
rectly into the sequence of linear polyphosphates in chromatography (81,
117, 855) (see Section VII,C).

In keeping with the presence of two weakly acidic end groups, ‘“‘neutral”
alkali tetraphosphates are faintly alkaline in solution (pH 9). The ions
Ag™, Zntt, and Ca*t in excess yield difficultly soluble amorphous precipi-
tates of AgeP:01raq, Zn;P,O15-aq and CasP,013-aq, which are soluble in
cxcess of phosphate. No precipitate is formed by tetraphosphate with
(Co(en)3)** ions (233). The dihydrogentetracridinium salt and the neutral
hexaguanidinium salt may be obtained reproducibily in the crystalline form
from formamide- and alcohol-containing solution (233).

3. Hydrolytic Degradation of Alkali Tetraphosphates

The tetraphosphate anion is practically stable in neutral and alkaline
solution at room temperature but at 65.9°C it is about half a power of ten
less stable than the triphosphate anion over the whole pH range (61).
Tetraphosphate has its maximum stability at 65.5°C at pH 10 and this is
why it can be prepared from tetrametaphosphate at such temperatures.
Its stability becomes smaller with decreasing pH. Apparently during the
hydrolysis of an aqueous solution, which follows a first order law at constant
pH, the tetraphosphate is cleaved initially exclusively at the end of the
chain, to form mono- and tri-phosphate.
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Further hydrolysis of triphosphate in the usual way then follows as a
secondary reaction (61). Cleavage of the middle P—O—P bond to yield
two pyrophosphate molecules has been observed in a sodium tetraphosphate
oil containing water after it had been dried to a glassy consistency (312).

Nﬂ.anle + 31120 — 2N&aI’IPzO7’1H20

4. Crystalline Tetraphosphates of Polyvalent Caitons
I

While no erystalline tetraphosphates of polyvalent cations have so far
been obtained from aqueous solutions, crystalline Ba;PiO; and PbgPsOy;
are formed by heating the appropriate mixtures of Me'HPO, and
Me"(I1,POy), to 550°C, just as sodium triphosphate is formed by
caleining mixtures of NaH,PO, + 2NaHPO, (169, 214). In addition, crys-
talline Pbh3P,;01; and BiP;0y; have been made by tempering melts with
the tetraphosphate composition at 400° or 700°C (262). The bismuth salt
decomposes at 810°C to yield erystalline BiPO, and acid melts in which the
BiPO, formed initially dissolves above 900°C. The lead salt melts incon-
gruently at 700°C. Attempts to prepare crystalline tetraphosphates of
Zntt Cdtt, and Lit in a similar way have met with no success.

D. THe OLicorHoSPHATES WITH A CHAIN LENGTH n > 4

In this section the group of polyphosphates with a chain length of
n > 4 which undergo definite migration in paper chromatography is con-
sidered. They include compounds with (£,03.11) P~ anions having chain
length up to n ~ 9.

1. Calcium Pentaphosphate

Apart from tri- and tetra-phosphates, which, like the familiar pyro-
phosphates, belong to this group, only calcium pentaphosphate has been
obtained in a crystalline form. It is formed as so-called trémelite in the form
of plates or fibrous crystals on tempering melts of the corresponding com-
position at temperatures between 920 and 990°C (136). That trémelite is
in fact a pentaphosphate Ca;(PsO16)2 can be proved by paper chromatog-
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raphy after the compound has been brought into solution with the aid of
ethylenediaminetetracetic acid (211, 351).

2. Oligophosphate Glasses

The oligophosphates oceur in general as mixtures of salts with ani-
ons of various chain lengths corresponding with the homologous series
(PO 3,41) 2=, The most studied compounds of this class up to the present
are the sodium salts, which are obtained as optically clear glasses by melting
together any phosphate mixture with the corresponding Na.O:P,0j; ratio.
Van Wagzer first showed that these glasses must consist of mixtures of
lincar polymeric phosphates both from theoretical considerations (338,
349) and by enriching the components in separate fractions by fractional
precipitation of solution with organic liquids, such as acetone (339). The
degree of fractionation occurring was found by titration of the end groups
in the separate fractions (254). The mean chain length 7 is given by the
equation;

7 = [2 X (number of P atoms)]/number of end groups
or
Na.,O/P:0; = (n + 2)/7

It is necessary in this case to make the proviso that these glasses shall not
contain any ortho- or meta-phosphate. A similar fractionation may be ob-
tained using barium ions (72, 73) or organic bases such, for example, as
naphthylamine, phenylenediamine or benzidine (37, 86, 87), at various
pH values. In this case the material of high molecular weight is precipitated
from the more strongly acidic solutions and material of lower molecular
weight under less acidic conditions. Complete separation into the com-
ponents and the quantitative determination of the latter is possible only by
paper chromatography or ion exchange chromatography (see Section VII).

a. Compostion of oligophosphate glasses. Quantitative evaluation of
chromatograms by determining the content of separate polymer homo-
logues in the glass with radioactive P (115, 192), or by colorimetric deter-
mination after eluting the ehromatogram with ammonia (353, 354), has
given results which are in extensive agreement. As was predicted by van
Wazer (338), none of the glasses contained mono- (i.e., ortho) phosphate
and none contained only a single component. All were mixtures of com-
pounds in the scries Na,2P,Os.41. In general, the most abundant com-
ponent is that with a chain length n corresponding with the mean chain
length 7.

A series of attempts to calculate theoretically the distribution of anions
of different chain length (216, 339, 340) has so far led to results which are
approximately but not generally valid (354). One theory represents better



CONDENSED PHOSPHATES AND ARSENATES 39

the distribution of low molecular weight species (up to n ~ 3) and another
1s better for n = 5-9. None, however, explains why, with the same mean
chain length, the distribution of the separate chain lengths depends on the
nature of the cation Na*, K+, Lit (354), H* (143, 314) or Catt (211).
The chief shortcoming of the distribution theories advanced up to the
present is that they are based on the assumption that the bond strength
in the separate P—O—P bonds is independent of the chain length and the
nature of the cation. This will certainly be true only if the mean chain
length assumes high values as in Graham’s glasses, in which the Na,0O:P.0O5
ratio is very close to unity.

b. Constitution and chemical properties of oligophosphates. The presence
in the anions of oligophosphates with a chain length n > 4 of unbranched
chains of PO, tetrahedra, as in the anions of tri- and tetraphosphates, was
deduced originally from the linear plot of the logarithms of R, or P values
for oligophosphate glasses in paper chromatography (118) (see Section
VII,C) and also from regularities in the physical properties of their melts
and solutions (42, 110). When weighable quantities of the pure separated
components were obtained in solution by ion exchange chromatography
(88, 105) direct chemical proof of the constitution was advanced. It was
found (358) that when the individual polyphosphates of chain length n were
degraded hydrolytically in weakly alkaline solution (pH 8; 60°C), mono-
phosphate and a polyphosphate with chain length (n — 1) were formed as
the primary products in addition to small amounts of trimetaphosphate.
The compounds thus represent a true homologous series of polymers show-
ing continuity in their chemical properties with tri- and tetraphosphates.

Alkali oligophosphates are soluble in water either individually or when
in the form of glass-like mixtures, and their solutions form precipitates
with polyvalent cations which are soluble in excess of the phosphate. Their
physical properties are described in Section IV,E,7,e since they are related
to those of glasses of the type of Graham’s salt with anions of large chain
length.

c. Hydrolytic degradation of oligophosphates. As has been mentioned
already, the stability of oligophosphates decreases with the pH. TFigure 6
shows the dependence of the first order constants for the rate of hydrolysis
on the pH of the solution as determined by Crowther and Westman (60, 61).

These values reveal that the rate of hydrolysis in the alkaline range up
to pH ~9 is very small and practically constant, but that it then rises
rapidly with decreasing pH. It is also evident that the stability of oligo-
phosphates to hydrolytic degradation decreases in the order diphosphate >
triphosphate > tetraphosphate. Degradation experiments with small quan-
tities of oligophosphates with chain lengths n = 4-8 show (358) that
stability decreases further up to the octaphosphate (see Fig. 7). (The
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Fic. 6. Dependence of first-order rate constants for the hydrolysis of oligophosphates
on pH, according to Crowther and Westman (60).

K-values of van Wazer et al. (348) are used for the di- and tri-phosphate.)
As already mentioned, these degradation experiments also showed that,
starting from the pentaphosphate, formation of trimetaphosphate with a

TABLE IX
Y1ELy OF TRIMETAPHOSPHATE ON THE DEGRADATION OF POLYPHOSPHATES
IN AqQuEous SoruTioN AT pPH = 8 axp AT 60°C

Chain length n 2 3 4 5 6 7 8 0

Y% P as Trimetaphos-
phate after complete
degradation 0 0 0 58 15-17 ~25 ~38 =60
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Fic. 7. Dependence of hydrolysis rate constants of oligophosphates at pII = 8 and
60°C on chain length, according to Wieker (358).

cyclic anion occurs in addition to cleavage of monophosphate. More tri-
metaphosphate is produced as the phosphate chain length increases. The
amounts of trimetaphosphate present when the phosphate taken originally
has disappeared completely are given in Table IX (858). The processes
leading to formation of trimetaphosphate in the breakdown of polyphos-
phates and the conclusion to be drawn regarding the configuration of the
chains will be considered in Section IV,E,1,b.

E. HicaMoLeEcULAR POLYPHOSPHATES

1. Glasslike Graham’s Salts

a. Preparation and constitution. The chicf representative of this group
of compounds is Graham’s salt, to which Graham, its discoverer, ascribed
the formula NaPO; (108). It is formed as a somewhat hygroscopic glass
which is readily soluble in water when sodium dihydrogen monophosphate,
NaH,PQ,, is heated to its melting point (620°C) and the melt is quenched.
Fleitmann and Henncberg (93) concluded that this compound was a hex-
amer from their observation that when Graham’s salt was treated with
ammonia solution, a maximum of 5§ of the sodium was replaced by am-
monium. Since then Graham’s salt has been incorrectly called a hexameta-
phosphate, and this term is still often used. The incorrectness of this con-
clusion became apparent after the high molecular weight had been deter-
mined by means of the ultracentrifuge (168) and by diffusion measurements
(158). Samuelson (254) deduced from this and from the detection of acid
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end OH groups (250, 328) that Graham’s salt is a mixture of salts with
anions made up of PO, tetrahedra having OH groups on the chain ends.

o T

HO—I|’*O~IJ’~O C I|’—~0~—}|)—()H 39)
(6] (0] (0] 0
Na, Na Na Na

The end groups which can be determined titrimetrically (pH 4.5-9)
provide a measure of the mean chain length 7 of the salt mixture Na,-
(H2P.03.41). The same conclusion was reached by van Wazer from theo-
retical considerations (338, 339).

Chemical proof that the anions in Graham’s salt are linear chains of
PO, tetrahedra follows from the observation that arsenato-phosphate
glasses analogous to Graham’s salt (see Section VI) are broken down on
aqueous hydrolysis into ortho arsenate and mixture of low molecular poly-
phosphates with a mean chain length dependent only on the P: As ratio in
the glass (295, 308).

oo oy I
—Pf—()f—ﬁlxs—f~()»~}|)~0~II’~—O—1?5~()-I|’-() . 0~/I\s~011 (40)

0 0 0O 0O (6] (6]

Na Na Na Na Na, Na Na

In addition, solutions of Graham’s salt prove to be identical in their chemi-
cal behavior with those of Maddrell’s salt (295, 316), the chain-like nature
of the anions of which has been clearly established chemically by a study of
the arsenato-phosphate analogs (309) and later by crystal structure analysis
(78). (See also Section IV,E,2.) Anions of Graham’s salt show their high
molecular character by their failure to migrate in paper chromatography
(82, 84).

Physical properties of solid polyphosphate glasses and their melts are
also in accord with the conclusions drawn from chemical studies. The X-ray
diffraction pattern shows the polyphosphate anions to consist of long chains
of PO, tetrahedra (82) and the same conclusion is reached by studying the
double refraction of fibers formed by rapidly drawing supercooled melts of
Graham’s salt (101).

Apart from salts with homologous polymer anions, Graham’s glass
always contains trimeta- (6-109,), tetrameta- (up to ~49,) and very small
amounts of pentameta- and hexametaphosphate (see Section IV,D) with
cyclic anions and also, to a small extent, cross-linked phosphates with
tertiary PO, tetrahedra (see Section V) (284, 285, 364).

The linear polymer components of Graham’s salt are high molecular
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members, Na,HoP,03,1, of the series of di-acid polyphosphates, the initial
members of which are the dihydrogen monophosphate, acid diphosphate,
triphosphate ete.

N?LI'IQP()“ NLLszPz()7; N‘d.aHzPa(_)lo PUEPEN Na"Han(_)anﬂ (41)

All result from thermal condensation of dihydrogen monophosphates.

o) o} 0
Il H -H.O Il |
HO—P—OH | HO—P—OH — i HO—P—0—P—OH..
| | |
0 0 0 0
Me Me Me Me
(42)
719 1
izo..no—rr—o P—0.{0—P—OH
|
0 0 0

Me Me Me
x

Equilibrium conditions for the chain length distribution are set up in
these reactions, the mean chain length 7 of the anion being greater the
higher the temperature used in the preparation and the lower the water
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F1c. 8. Mean chain lengths in the formation of Graham'’s salt. T = 650°C; Pyg,0 =
55.3 Torr.

vapor pressure in the surrounding atmosphere (see Fig. 8 points). The same
equilibrium as in the condensation reaction is established if anhydrous
trimetaphosphate is heated to the same temperature and with the same
water vapor pressure (364) (see Fig. 8 circles).
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g Nas(P:0q) + 11,0 = Na,[H:PaOgn ] (43)

The mean chain length 7 given by:
n = (K/pw)'t (44)

may be deduced from the mass action law, p,, denoting the external water
vapor pressure. The equilibrium constant K satisfies the van t’Hoff equa-
tion log, K = (Q/RT) + Const. Both relationships are given by the
expression,

7 = exp [8.87 — (5100/RT) ~ (log, pu/2)] (45)

from which the mean chain length in the glass may be calculated with an
accuracy of 5%, A “heat of hydrolysis” of the P—O—P linkage by water
vapor between 650° and 850°C of ~10 kecal is obtained from the tempera-
ture dependence of K (364).

b. The transformation of Graham’s salt to Trimetaphosphate. When any
sodium dihydrogen polyphosphate with a Na:P ratio of 1:1 is tempered in
the free atmosphere at between ~400° and 600°C, the reaction (43) is
reversed. Water is split off and quantitative formation of trimetaphos-
phate occurs.

The kinetics of the transition from Graham’s glass to trimetaphosphate
crystals follow Stranski and Kaischew’s theory of crystallization (157,
277) and yield an activation energy of 62.9 kcal/mole (124). Trimetaphos-
phate occurs as the equilibrium phase in the system NaPO;—H,0 at be-
tween ~450° and 620°C (199).

Formation of trimetaphosphate anions from those of Graham’s salt
also occurs in solution. In water this process is not associated with hydro-
lytic cleavage of the P—O—P bonds, as was at first assumed (10, 322), but
is independent of it (861). Thus polyphosphates of long-chain amines which
are soluble in benzene form trimetaphosphate quantitatively on warm-
ing the anhydrous solution (369). This transformation follows Ostwald’s
rule for successive transformations, since trimetaphosphates are more
stable than polyphosphates (322).

Perhaps the formation of trimetaphosphate aund small quantities of
tetrametaphosphate from dissolved polyphosphates, which can amount to
~70% in presence of Mg*+ ions, is an indication of the form in which the
anion chains are present in the solution. In any case this formation of tri-
metaphosphates is not, contrary to what was proposed initially (293, 326),
an argument for the assumption that trimetaphosphate rings constitute a
structural unit in the polyphosphates. Thus in solutions of Maddrell’s
salt, the anions of which are known to be linear chains from crystal struc-
ture determination (78) (see Section IV,E,2), up to 509, yields of trimeta-
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phosphate are produced as a product of degradation in agueous solution
(816). The formation of trimetaphosphate could be understood readily if
it were assumed that polyphosphate anions with more than a certain
number of members (n = 5) are present in solution as spiral chains with a
repeating unit in the spiral of, on the average, 3P0, tetrahedra which can
also be coiled (see Section IV,E,l,e). Formation of trimetaphosphate
can then be considered as a simple transformation and it is possible to

- )0 O -
o _0 Q1 90 9 .0

() (-) ~p%Z— Q——P—PZ— 0 —PL
o o O
~N ”/O\I OQI')/O\II)'/
! t Ogd----1- |
P 0 O
(-) ( )0 / \ —_ + (46)
) o P=0
\P o/ \o )
07 I 0 0O
(O) (. 07 7
(o] |//O
0”00

-)

understand that trimetaphosphate formation is in no way linked with the
formation of fresh OH groups (367). The process is accelerated catalytically
by cations added to the solution and this effect is greater than that of
added cations on the hydrolytic cleavage of P—O—P bonds (323, 358). (See
Sections IV,E,1,c and d.)

¢. Hydrolytic Degradation of High-M olecular Polyphosphates. Formation
of trimetaphosphate in aqueous polyphosphate solutions is always accom-
panied by hydrolytic degradation of the anion chains according to a first-
order law. Two types of cleavage may be distinguished (186, 822). The first
is like that occurring with low-molecular oligophosphates and entails the
splitting off of monophosphate from the ends of the chains. This is a first-
order reaction.

OI\}Ta OITTa OITI& OII\Ia ONa Oll\fa
H:0 |
O- —Il(—o—-ﬁ ~0-1HL~0H — ~ﬁ>~0~1”)401{ + HO—I“’~OH @n
0 0 0 0 0

High-molecular polyphosphates are practically stable in aqueous solution
at room temperature and a pH near the neutral point. At 60°C the half-life
is about 50 days but it decreases rapidly with rising temperature. The
hydrolysis constant of the high-molecular phosphates at 60°C and pH 8
has the value K = 0.9 X 10~*and is about a power of ten smaller than that
of octaphosphate and roughly equal to that of hexaphosphate (see Fig. 7).
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Polyphosphates seem to pass through a minimum of stability for a chain
length of about n = 10 (859). Decreasing the pH accelerates hydrolysis.
Thus, for example, the following values of t,;» are found for high-molecular
anions at 60°C with varying pH. Added eations have a similar action to

TABLE X
InFLUENCE OF PII ON THE HaLr-Lire roR PoLyYPHOSPHATE DECOMProsition
pll 1 3 5 8
tig 22.8m 6.7 h 1.4d 45.4d

H+ ions. Addition of 0.164 milli-equivalents of cations per millimole of
NaPQ; increases the rate constant K for the degradation of polyphosphates
at pH 8 and 60°C by the following factors relative to the constant K, in
absence of added salts (367).

TABLE XTI
CaraLyric ActioN oF VARIoUus CATIONS ON THE RATE oF
HyproLYsIS oF POLYPHOSPHHATES

Cation K+ Na*t Lit Bat+ Srt+ Catt Mgttt Altt+

K/K, ~1 ~1 1.08 1.56 1.69 2.78 3.52 7.50

The hydrogen ion probably falls, for a corresponding concentration,
between Lit and Batt, and the ions of metals such as Ag, Cu, Zn, Pb, and
Bi, or the rare earths, have a much stronger catalytic effect (6) which is
further increased if the dielectric constant of the solvent is decreased by
adding organic liquids such as acetone or dioxane (323). The degrees of
dissociation (Table XII) and the exchange constants (Table XV) of the
cations are also related to their catalytic activity (ef. Section IV,E,1,d).

It is very probable, though not yet quite certain, that a second type of
hydrolytic cleavage oceurs at very high hydrogen ion concentrations. This
involves cleavage of high-molecular anions from inside the chain and the
formation of polyphosphates of smaller chain length (186, 322). This type
of cleavage apparently occurs preferentially in presence of enzymes (147).
In addition to the hydrolytic cleavage of the P—O—P bonds of the anion
chain and independently of it, there is a much slower hydrolysis of the
trimetaphosphate formed initially to di- and mono-phosphate until finally
the whole of the phosphate is present as monophosphate.

d. Complexing of Ions by High-Molecular Polyphosphates. When solu-
tions of salts of polyvalent cations are treated with a polyphosphate solu-
tion a precipitate is generally formed which redissolves on adding an excess
of polyphosphate. The polyvalent cation is either not precipitated from
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this solution by the usual reagents or precipitation is no longer complete.
This property forms the basis of a technically important application of this
group of compounds (91, 127). Thus if a sufficient quantity of polyphos-
phates (usually triphosphate or Graham’s salt) is added to hard water the
alkaline earth cations contained in the water can no longer be precipitated
and the water is therefore softened.

The composition of the precipitates formed by polyphates depends on
the way in which they are produced. If a solution of the precipitating cation
is added to a polyphosphate solution, or if the solid polyphosphate is treated
with the salt solution, only part of the cation of the phosphate taken is,
as a rule, replaced by the precipitating cation (92, 290, 291). Conversely,
when precipitation oceurs by adding polyphosphate to a concentrated solu-
tion of the salt precipitates are formed which contain only the cation of the
salt (177, 824).

The consistency of these precipitates with polyvalent cations depends
on the cation radius. Precipitates with large cations (r > 1.1 &: Bat+,
Sr++, Pbt+, Agt, Bitt+, ZrO++, UO,*t, Hgett) are flocculent solids, whereas
those with smaller cations (r < 1.1 A: Catt, Mgtt, Znt+, Cdtt, Mnt+
Nit+, Cott, Fett, Fet+t Cr+t++, Hgt+, Cutt) are oily (316). All these
precipitates, and also alkali polyphosphates obtained by “salting out”
contain a lot of water (7—10 molecules H:0/PO; group) which they do not
lose completely on drying over desiceating agents. It is assumed that the
polyvalent cations are linked to only one anion chain in the oily precipi-
tates, such as that with Mg*+, but are linked simultaneously to more than
one in those which are flocculent and thus produce cross-linking (225).

Partial replacement of cations when using excess of alkali phosphate
was at first lnterpreted by supposing that the cations were in part bound
as a ‘‘complex” with the polyphosphates. This led to incorrect conclusions
regarding the molecular size of polyphosphates, which persist even now in
the designation of Graham’s salt as ‘“hexametaphosphate.” The correct
interpretation of these very complicated relationships stems from the dis-
covery that in dilute solutions of polyphosphates even salts of the alkali
metal ions are only partially dissociated—up to a maximum of 30-409
(260, 250, 282, 288, 333). The degree of dissociation « for alkali polyphos-
phates depends on many factors. Thus, for example, the effective degree of

TABLE XII
DEPENDENCE OF THE DEGREE OF DissociaTioN oF HicH-MoLECULAR
PoLyprospHATES ON THE NATURE oF THE CATION

Cation Lit Nat K+ Cs*

o 0.34 0.37 0.39 0.4




48 ERICH THILO

dissociation of 0.01 M (on empirical formula) solutions of high-molecular
alkali polyphosphates increases in the sequence Li-— Cs with increasing
cation radius (282). With increasing chain length the degree of dissociation
first decreases rapidly and then more slowly to a limiting value at a chain
length of about 100. Polyphosphoric acids in 0.01 N solution show almost
the same degree of dissociation as the sodium salts, as shown below (360).

TABLE XI1I
DEPENDENCE oF THE DEGREE or DIssoCIATION oF PoLYPHOSPHORIC
Acmns oN THEIR CHAIN LENGTH

Mean chain length 7 of the L L - .
polyphosphoric acids 3 30 50 85 180

Degree of dissociation, a,
at 0°C 0.89 0.49 0.36 0.33 0.32

In addition, the degree of dissociation becomes smaller as the phosphate
concentration is increased. The same rules apply in principle for polyvalent
cations except that they are much more strongly bound than the alkali
metal ions. This is particularly true of the transition elements Mn*+ and
Zn*t ete., and Bitt* ete., (182, 271, 345). The negative logarithms of
the dissociation constants of the Ca** ion in polyphosphate solutions con-
taining tetramethylammonium bromide have the following values at 25°C
and pH 10-12 (148).

TABLE X1V
DEPENDENCE OF THE NEGATIVE LOGARITHMS OF THE DissoCIATION CONSTANTS
or Carcium PoLypHOSPIIATES ON THE ANION CHAIN LENGTHS
AND THE lONIC STRENGTHS OF THE SOLUTIONS

Anionie chain length

lonic strength 1 (271) 2 3 6 14 60
1 — 4.89 5.36 5.78 5.80 5.80
0.2 1.7 — — — — —
0.1 — 5.39 6.41 6.8 6.77 6.99
0 — 5.60 6.90 7.28 7.23 7.54

The value for CaHPO, has been included for purposes of comparison (271).
Taking @ = 0.33 a px value of about 0.7 may be calculated for the dissocia-
tion of Na* ions in solutions of high-molecular sodium polyphosphates.
The strength of bonding of polyvalent catious decreases with increasing
lonic strength, i.e., with increasing concentration of added salts.
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Numerous experimental and theoretical studies of problems in this field
have appeared and these have been reviewed under the title “Mectal Com-
plexing by Polyphosphates” by van Wazer (342). The phenomena which
have been mentioned may be considered in general as due to “complex
formation.” However, a simple qualitative and quantitative description
of the facts may also be obtained if solutions of high-molecular polyphos-
phates are considered as micro-heterogeneous systems and if the bonding
of polyvalent ions is interpreted as involving ion exchange phenomena on
the polyphosphate chains (77, 313, 319, 324).

The exchange of H* ions in the free polyphosphoric acids with chain
lengths 7 between 28 and 180 with metallic cations, for example, follows
the equation of Rothmund and Kornfeld (247),

[(AT*)/ (Me*H)]o11a” = K[(HH)7/(Me™)] o, (48)
where the constants K and ¢ at 0° at a mean chain length 7 of 100 have
the following values (360).

TABLE XV
ExcaANGE CONSTANTS OF THE PROTONS OF POLYPHOSPHORIC ACIDS
wITH VARIOUS CATIONS

Alkaline
Constant K+ NIT+ Na*t Lit earth
K 13.8 7.6 5.75 5.13 2.5
s 2.3 0.77)? 1.43 0.79 0.5

If the exchange constants for the cations are compared with their
catalytic activity (Table X1) and the order of their degrees of dissociation
in polyphosphate solutions (Table XII), a considerable measure of correla-
tion will be recognized. It follows that the cations become more active
catalytically as they become more strongly bonded to the polyphosphate
anions. This also accords with the increase in their effectiveness as the
dielectric constant of the solvent is decreased.

In addition to the ability of polyphosphates to bond cations they also
possess the important property of hindering the formation of large crys-
tallites of CaCQ; and of solid boiler seale, even when present at very small
concentrations (239). This property, which is used in the threshold or in-
noculation process, is based on the bonding or adsorption of polyphosphate
chains on the surface of the crystal nucleus. These then hinder its further
growth or aggregation. The effectiveness of detergents to which polyphos-
phates have been added must also be related to their adsorption on the
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surface of solid particles, which then become hydrophilic (89, 163, 194, 341).

e. Physico-Chemical Properties of Polyphosphate Solutions. There is also
a continuous transition in the physical properties of solutions of polyphos-
phates in passing from the low- to the high-molecular compounds. Apart
from the initial members they all exhibit the typical properties of poly-
electrolytes. The number of investigations on this subject is very large. A
review entitled ‘“The Inorganic Phosphates as Polyclectrolytes” has
appeared (41), but this may be extended by the new investigations de-
scribed here.

The physical property which has been studied most accurately is the
viscosity of polyphosphate solutions (252, 283, 287). As with all polyelec-
trolytes, the specific viscosity of solutions increases with increasing dilution,
This is explained by supposing that the polyphosphate chains are only
slightly dissociated in concentrated solution and are therefore coiled,
whereas they are more highly charged in dilute solution and therefore
streteh. Molecular weights may be caleulated from the “intrinsic” viscosity
extrapolated to zero concentration and the values are in good agreement
with those calculated from light scattering (251, 287) and from the deter-
mination of end groups. The solutions show streaming double refraction
which beeomes more pronounced as the dilution is increased and as the
chain length in the phosphate under study is increased. These solutions
also show anisotropy in their clectrical conductivity (132, 256, 257, 258),
which follows similar laws to the streaming double refraction. From the two
properties the cend-end distance of the polyphosphate anions may be
deduced, thereby leading to the conclusion reached from other measure-
ments that polyphosphate anions are rod-like rather than spherical and
arc coiled to only a small extent. Data obtained up to the present do not
contradict the hypothesis (sce Section IV,E,7,b) that the anion chains are
primarily spiral-like in shape and are coiled to a greater or lesser extent as
a secondary effect. Results of diffusion and sedimentation measurements in
the ultracentrifuge agree with those obtained by other methods. Un-
equivocal proof of the strong bonding of cations of all sorts to the poly-
anions comes from electrical conductivity measurements (46, 259), trans-
port measurements, electrophoretic phenomena (278, 279), and also from
salting-out effects. Densities and refractive index values for the solutions
are also in accord with the picture which has emerged (170).

2. Crystalline Alkali Polyphosphates

A range of high-molecular alkali polyphosphates occur in several erys-
talline forms. In the case of the sodium and potassium compounds the
trivial names Maddrell’s and Kurrol’s salts have been adopted and these
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have been applied to other crystalline polyphosphates without any attempt
at following a systematic nomenclature. Thus for sodium one speaks of a
high- and a low-temperature form of Maddrell’s salt (23) and these are also
called NaPOy(II) and NaPO,(III). Similarly there are two forms, A and B,
of Kurrol’s sodium salt (316) [= NaPO,(IV) (340)], three forms of Kurrol’s
potassium salt (22, 29, 298) and of Kurrol's rubidium and cesium salts (64).
In addition all of these salts are also called metaphosphates (340) because
their analytical composition corresponds with the formula (M PQO;),. In fact,
they are all high-molecular polyphosphates, Me,'H3(P,O35.1), with a high
degree of condensation (i = ~100 to >10,000) (281). All these crystalline
polyphosphates and also those of lithium and ammonium (291, 302) are
practically insoluble in water. They swell, however, when treated with
solutions of salts of other cations and are then soluble in water. They are
best brought into solution by shaking in water with an ion exchange resin
charged with another cation (224, 2567). It is notable that the crystalline
sodium and potassium polyphosphates, which are separately insoluble in
water, go into solution when they are taken together in about 1:1 M ratio
and shaken with water. This effect depends on the ion exchange properties
of these crystalline species, which may also be directly detected for Mad-
drell’s salt (243).

Since the solutions of these salts are like those of the corresponding
glassy compounds in almost all properties (316), their low solubility must
arise from their lattice energy, as in the case of most silicates. In solution
they may be differentiated from the corresponding glasses only by the higher
molecular weights and their possibly smaller polydispersion (183, 224).
Once brought into solution, they cannot generally be obtained again in the
crystalline form by precipitation or crystallization. Only the potassium,
rubidium and cesium salts can be precipitated from solutions in the form
of very small crystals which contain water (162, 291).

3. Crystal Structures of Condensed Phosphates

Proof that the anions of the substances mentioned really cousist of long
chains of PO, tetrahedra has been supplied by complete structural analyses
of crystals. Four different types of such chain-like anions, differing in shape
and inner periodicity, have so far been recognized. In the low temperature
form of lithium polyphosphate, which has the same type of structure as
lithium polyarsenate and diopside [Ca, Mg(SiO;).]. these are extended
chains which (see Fig. 9a) as in enstatite have a Zweierperiodizitat (138)
(see also ref. 66 in Table XVI). Rubidium polyphosphate has quite similar
Zweterketten (55) (see Fig. 9b and ref. 63 in Table XVI) except that the
PO, tetrahedra are somewhat rotated with respect to Form a. In the high
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TABLE XVI
A. CrystaL STRUCTURES OF CONDENSED PHOSPHATES AND ARSENATES

3 . o
Lattice constants in A or degrees

Space

Substance Literature a b ¢ a B vy group Z
Na,P.O+10H,0 (179) 17.93 6.96 14.85 118.5 12/c 4
Na;P;0,01 (80, 56) 9.61 5.34 19.73 112 C2/c 4
NagP;00I1 (63, 80) 16.00 5.24 11.25 93 C2/c 4
(RbPO;), Rb-polyphos- (55) 12.12 4.23  6.48 96.3 P/n 4

phate
(NaPO;), A. Kurrol A. (158, 165) 12.12 6.20 6.99 92.0 Pl/n 8
(AgPOs), Ag-Polyphos- (154, 155) 11.86 6.06 7.31 93.5 Pt/n 8
phate
(NHy)4(I40y2) Tetrameta (245) 10.42 10.82 12.78 Cmeca 4
P,Ow Vapor (128) Electron diffraction
P,0y Crystal (66) 7.44 — — 87 R3¢ 2
(P,03), Stable form (65) 16.3 8.14 5.26 Fdd2 8
(LiAsQy); Polyarsenate (188, 302) 10.18 9.43 5.25 110.5 C2/c 8
(NaAsQ;), Maddrell-Type  (174) 8.07 7.44 7.32 91.5 90 104 PT 6
B. IncoMPLETE CRYSTAL STRUCTURE DETERMINATIONS GIVING INFORMATION ON THE
P—0O—P I'RaMEWORK

(NaPQ,); Kurrol B (156, 54) 11.37 6.01  7.63 86 Pri/n 8
(NaPOs), Maddrell h (78) 15.30 6.96 7.05 93.3 Px/n 12
(KI’O3). Polyphosphate (2, 54) 14.02 4.54 10.28 78.5 Plj/a 8
(CsPOj), Polyphosphate 4) 12.71 4.32  6.83 83 P1/n 4
((PbLOy)s). @ 7.29 7.95 17.28 89.5 Ptijc 8
(P20s), (180) 9.23 7.18 4.94 — Pnam 4

temperature form of Maddrell’s sodium salt (NaFPO;)., which has the same
type of structure as sodium polyarsenate and S-wollastonite (78) there is a
Dreserkette (sce Fig. 9¢ and refs. 66 and 174 in Table XVI), in which each
third tetrahedron is opposed to the two others. In the fourth type (see Fig.
9d and Table XVI, refs. 65, 138, and 153) the anions are arranged on a
screw pattern, each fourth PQ, tetrahedron having the same orientation
as the first. This type of anion has so far been identified in both the A and
B forms of Kurrol’s sodium polyphosphate and in silver polyphosphate
(64, 158, 155, 156). It is concelvable that spirally-wound anions of this sort
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Valency angle Distance par-
Distances in A. —— allel to the
(8] P chain axis
PO PN /N ——
Form Bridge P=0 P P (6] O P—0—P A
Angle 1.63 1.45-1.48 133.8° 99-116°
Short chain 1.62; 1.66 1.45-1.52 121.8° 94-118°
Short chain 1.61; 1.68 1.49-1.50 121.5° 098-116°
Zweterkelte 1.62 1.44-1.47 129° 95.9-123° 2.11
Spiral 1.57-1.64 1.47-1.48 124-136° 99-117° 1.55
Spiral 1.56-1.62 1.45-1.46 125-134° 101-118° 1.52
Ring 1.59-1.63 1.44-1.51 132° 100-122°
Tetrahedron 1.62 1.39 123.5° 101.5-116.5°
Tetrahedron 1.60-1.64 1.40-1.42
Space structure  1.61-1.62 1.39 120.1-129.7
(0] As
RN VRN
—As—0O— —As=0 As As (6] (0]
Zweterkette 1.73-1.81 1.60 128.6° 97.9-122° 2.62
Dreierkette 1.76-1.79 1.67-1.71 127.7-131.4° 2.48
Spiral 1.50
Dreierkette 2.32
Zwelerkette
Zweierkelle
Unknown 2.27
Layers 2.16

made the formation of trimeta- and tetrameta-phosphate possible in
solution.

Table X VI sumamarizes both the crystallographic data for these high-
molecular polyphosphates and also all data in the structures of other con-
densed phosphates from which unambiguous deductions can be made. It
will be seen that two P—O distances can be distinguished in all these com-
pounds. One set of values represents the distance in the bridging P—O—P
bond. These lic between 1.56 and 1.68 A. The second group corresponds with
bonds to isolated oxygen atoms and here the bond distance is appreciably
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Fig. 9. Various chain types in crystalline high-molecular phosphates: (a) (LiPOs).
low temperature form; (b) Rb(POs),; (¢) (NaPO;), Maddrell’s salt (high temperature
form); (d) (NaPQ,). Kurrol’s salt.

shorter (1.39-1.52 A&). In the old terminology these two sets of values
correspond with single and double bonds between pentavalent phosphorus
and oxygen. In all cases the (P—0O—P) and (O—P—O) bonds are non-
linear. The oxygen valency angle lies between 120° and 136°, with a mean
of 127°. The (O—P—O0) angle in the PO, tetrahedra varies from 94° to
125°, with a mean of 102°, The distance between the P atoms of two PO,
tetrahedra linked by O measured by projection onto the direction of the
chain is also interesting. For anions with linear chains it is between 2.11 and
2.32 f&, and in the chains with a serew configuration between 1.51 and
1.55 A. In any case it is less than the value of 2.5 & which has been assumed
so far in discussion of the end-end distances in the coiled anions.
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It is also noteworthy that the P—O distances and also the oxygen
valency angle in diphosphate, trimetaphosphate and the various forms of
phosphorus(V) oxide do not in any way fall outside the range of values for
the linear polyanions. The As—O distances in high-molecular polyarsenates
are naturally greater than the P—O distances, but here too it is possible to
differentiate clearly between the longer bonds to bridge oxygen atoms and
the short ones to isolated oxygen atoms. The single O—As—O valency
angle known at present agrees with that in the phosphates.

There are known several data for the lattice constants and usually
also for the space groups of a large number of other condensed phosphates.
These, however, will not, be discussed here.

V. Cross-Linked or Ultra Phosphates

A. ForMaTioN THROUGH CRYSTALLINE AcCID SALTS AS INTERMEDIATES

Ultraphosphates are defined as phosphates in which the ratio Me': P
is less than unity. The existence of such compounds, e.g. Ag,PsO 1, PbPsO 1o
and CasPsO,7, was detected in the corresponding melts some time ago (165)
and the compounds CaPO;; and CasPsO1; were described as crystalline
solid phases (136). In such compounds PO, tetrahedra must be present
which are linked by three of their O atoms with neighboring P atoms (349).

—P—0 —P--0—P— (49)
(=)0 9] O(—)

O=}|’—O( -)

They are referred to as tertiary POy tetrahedra (272, 318). Since however,
tertiary PO, tetrahedra are detected not only in phosphates with Mel:P < 1
but also determine the chemical behavior of all compounds in which they
oceur, the term “‘cross-linked phosphate” has been proposed (297).

Unlike meta- and polyphosphates, cross-linked phosphates are unstable
in aqueous solution; in accordance with theoretical predictions (349), they
are readily hydrolyzed at the positions where cross linking occurs and form
mixtures of polyphosphates and metaphosphates (224, 284, 318).

Cross-linked sodium phosphates with Mel: P < 1 are obtained by melt-
ing together NaH,PPO, and POy (339) or NaH,PO, and phosphoric acid
at temperatures above about 350°C (318). Such melts, the viscosity of
which shows a complicated dependence on the NasO:H,O ratio (112),
solidify to glasses, and dissolve only slowly in water. The rate of solution
is a minimum for a ratio Na:P ~ 1:2 (339).
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At temperatures under ~350° mixtures of NaH,PO, and H,PO,
first yield crystalline acid metaphosphates such as Na.H(P;0,) and
Na,H;(P,01), or high-molecular acid polyphosphates, (Na I (POy)s), (107,
108) or, with a high water vapor partial pressure in the atmosphere,
NaH;P.0; also (363). The compound Na,H,(P,0;.) contains a true tetra-
metaphosphate (150). The anionic chains of the acid polyphosphates corre-
spond structurally with those of Maddrell’s salts (156).

Two types of cross-linking may be detected in the glasses: first, that in
which two polyphosphate chains are connected by an O atom between P
atoms occupying a middle position (50a); second, those in which two chains
are joined by an O atom connecting a P atom in the middle section of a
chain with one at the end (50b). The first type on hydrolysis yields two

(a) (b)
0 )
—P w;lﬂ— 0P —P—0— U (50)
b 0
~1>*o—1|’~0~71>~- p
b 0

strongly acidic OH groups situated in the middle of the chain whereas the
second type gives one strongly and one weakly acidic (terminal) OH group.
In melts, links of type a are favored initially and there are few of type b.
The equilibrium shifts, however, with increasing duration of the melting
time in favor of tetrahedra of type b (364).

In the system (KII,PO,—H;P0,) high-molecular potassium polyphos-
phates arc formed on heating, together with acid mouo- and di-phosphate
but only a little oligophosphate (363). But tertiary POy tetrahedra occur
not only in phosphates with Na:P < 1. They can also be detected in
Graham’s and Kurrol’s salt with ML:P = 1 (224, 284, 285, 286) and are
also formed in melts of anhydrous trimetaphosphates, especially in a dry
atmosphere (364). Their equilibrium concentration in the melt is about 29.

The presence of cross-linked phosphates may be recognized by their
ready hydrolysis, which leads to a rapid drop in the viscosity of the solution
and a parallel decrease in its pH. Aqueous solutions of all cross-linked
phosphates are hydrolyzed after twenty hours. In contrast to the hydrolysis
of normal P-—0—P bonds in meta- and polyphosphates, that of the cross-
linking sites is practically independent of concentration, pH, ionic strength
and the nature and concentration of added salts. It does, however, follow
a first-order law, as for normal P—O—P bonds, and is strongly tempera-
ture dependent. Activation energics of 18.9 and 15.4 kcal/mole have been
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measured (224, 286, 364), values which are practically the same as those
for polyphosphates in solutions at pH 1 (15.1 keal). This should be attribut-
able to the fact that in the groups

0] 0] 0]
—O—I!i——()— and —Oﬁllzl’ﬁO —; ~O~I”’—O~ (51)

0 0 0

O—Il’zO Ii{ 1]%

the P atoms are equally strongly polarized because of the equal negativity
of phosphorus and hydrogen (221), and, in contrast to the grouping

(=)

i 1
—0~L]>—o_ o —0—--—I”’~O* (52)
) 0

which oceurs in the alkali polyphosphates, stabilization by mesomerism is
hindered. Compounds with esterified POH groups (POR) behave similarly
(325).

B. Prospaorus(V) OXmE

1t has been known for a long time (48, 49, 143, 149, 314) that when
phosphoric acid is dehydrated thermally or phosphorus(V) oxide is dis-
solved in phosphoric acid, the final products are acids containing more
P05, than high-molecular polyphosphoric acids with the approximate
composition (HPO;).(= 88.749, P.0s). Starting from ecrystalline mono-
phosphoric acid the final product, after heating and after passing through
the whole series of polyphosphoric acids, is the azeotropic acid boiling at
869°C and having a P;Os content of 92.19, at 735 mm of mercury (292).
Such acids solidify to transparent glasses which dissolve only slowly. When
introduced into water they decrepitate, as Berzelius observed, and break
up into fibrous fragments. These compounds contain cross-linked acids
(112, 314).

The theoretical endproduct of the dehydration of phosphoric acid is
phosphorus(V) oxide, which has three crystalline forms with known struc-
tures (65, 66, 128, 180) and two amorphous forms (135). All of them contain
only tertiary PO, tetrahedra and represent the nonacidic final product of
the series of cross-linked or ultra phosphates. Only the readily volatile
hexagonal crystalline form has been studied in any detail chemically. This
form consists of P,Oy molecules with four PO, tetrahedra joined together
(47) Formula (53)]. When this form of the oxide is treated with water or
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alkali—the other forms are only slowly attacked by water—hydrolysis pro-
ceeds via an intermediate product H,P,O1 (b), which has not yet been iso-
lated, to tetrameta phosphoric acid or its salts (¢). This is indeed the easiest
way of preparing the latter (11, 12, 49, 50, 238, 244, 267, 321). In addition,
small amounts of amorphous high-molecular products are usually formed
which dissolve only slowly; these products require further investigation.

o}
0\\P / \ 40

O _P o) o)
So 07| HO i I H,0 I I
IT W (R)HO —lli'——O;-lli' —_— HO“I[’—O—IID*OH
o. O _o o 0o o) 0
~ 1.~ 1/ ] [ |
ﬁ llil'—O-—l'il'—OH(R) Ho—ﬁ—o—ﬁ—OH
o o) o
(a) PO, (b) H,P,0,, (c) H,(P,0,,)
RO (53)
Oy __OR i i
Sp7 RO—P—0—P—OR
o 3 T
OR + o) o)
iP\ ~Po | | |
0 o~ﬁ—oa ao—ﬁ—o—ll:[—OR
o) 0 o
~70 % ~30 %
(d) (ROPO,), () (ROPO,),

If H,0, is treated with ethers, very hygroscopic esters with the composition
(ROPO,). are formed, which give on careful hydrolysis a mixture of free
phosphorie acid, its esters and esters of pyrophosphoric acid. The products
are formed in the following molecular proportions (237, 825).

TABLE XVII
HyproLYsis Probucts oF THE EstERs (ROPO2), MapE BY TREATING
PO, wrtet ETHYL- AND ISOPROPYL-ETHER

Phosphate (C.H;0P0,), (2-CsH,0POy)
H;PO, 0.92 0.92
RH.PO, 2.00 2.00
RHPO, 0.85 0.93
R.H,P,0; 0.51 0.83

It is concluded from these results, which show the ratio of free phosphoric
acid to dialkyl phosphorie acid to be close to 1:1, that the ester taken orig-
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inally is a mixture of about 709, of the iso-tetrameta phosphoric ester (d)
and 309, of tetrameta phosphoric acid ester (e). In recent work using nmr
to study the esters these conclusions have been held to be inadmissable,
though the method itself does not give unequivoeal results (207). The pre-
parative results are also not explained (344).

V1. Condensed Arsenates and Arsenatophosphates

A. CoNDENSED SoDIUM ARSENATES

The fact that Na,HAsO,12H,0, like Na,HPO,-12H;0, loses its water
of crystallization initially on thermal dehydration, but gives off its water of
constitution only with difficulty, was described by Clark (62). He did not,
however, recognize that a sodium pyroarsenate analogous to sodium
pyrophosphate was formed in this process because only the starting mate-
rial, the hydrogen monoarsenate, separated from the agueous solution of
his product. Analogous observations were made by Graham (102, 103) in
comparing the dehydration of NaH,AsO,-H,O and NaH,PO+H,0, when
he discovered ‘“metaphosphate.” He did not recognize, however, the poly-
arsenate (NaAsO;)., which is actually formed, as a new compound because
it is reconverted to ‘“‘orthoarsenate’® on solution in water. Later Walden
(832) unambiguously showed, in the course of electrical conductivity
studics, that all condensed arsenates are unstable in aqueous solution and
are immediately hydrolyzed to the monomeric starting material.

The course of the dehydration of NaH,AsO.H,0 is actually similar to
that of NaH,PO;H,0 (122) (see Section IT,A), though in a number of
respects there are significant differences. .

[

NaH,AsO, Na,H,As,0,
50° 135°
NaH,As0,-H,0 NazH,As,0,,
| 96° Hlasor o
(NaAsO,),
lﬁ 15°
Melt

NaH,As0,IL,O loscs its water of crystallization at 50°C; at 90°C it goes
over into the diacid pyroarsenate. At 135°C diacid triarsenate is formed,
from which polyarsenate arises at 230°C. The latter melts at 615°. When
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the monohydrate is heated directly to 96°C there is a direct transition to
triarsenate and the Na,H,As,0; stage is missed. An analogous process never
occurs in the dehydration of NaH,PO.,.

All the condensed arsenates resulting in this way are hydrolyzed to
orthoarsenate not only in aqueous solution but also on exposure to moist
air. The acid triarsenate is an intermediate but not the pyroarsenate (310).
Clearly the triarsenate is marked by special stability, for triarsenic acid,
H;As:04, also occupies a special place in the series of hydration produects
form arsenic(V) oxide (269, 310).

The final product of dehydration from NaH,AsO,, i.e., (NaAsQO;), or,
more correctly, Na.HzAs,0;,1, is a high-molecular polyarsenate and corre-
sponds with Maddrell’s salt. Both contain the same type of Dreierkeiten
(see Fig. 9¢) as anions (78, 174). On quenching, the melts solidify to a glass
which 1s analogous to Graham’s salt. So far, an arsenic analog of sodium
trimetaphosphate is unknown. For a discussion of the dehydration products
of KH,As0, see Section VI B,2,

B. POLYARSENATOPHOSPHATES

When mixtures of NaH,PO, and NaH,AsQ, are melted, and the melts
are quenched, glasses are formed consisting of polyarsenatophosphates
with anions of the type,

e r
—1}>—~-0—~I|’*0~/!|\s—0 1 *valis—()Al:l—»O—Il‘LU (55)
0 0 0 0 (') 0 0

= = = =) = (=) (=)

In these, AsO, tetrahedra are built into the polyphosphate chains (309).
Since the P—0—As bond has much the same sensitivity to hydrolysis as the
As—O-—As bond, they are rapidly hydrolyzed in aqucous solution to mono-
arsenate and mixtures of polyphosphates, the mean chain length of which
depends on the As:P ratio in the starting material (74). Contrary to an
idea based originally on gravimetric analysis (309), the As atoms are not
distributed regularly in the chain, but statistically (308). The observation
that, after careful hydrolysis, the phosphate content is exclusively in the
form of polyphosphates provides chemical proof of catenation in the poly-
arsenatophosphate anions. When arsenatophosphates with more than five
P atoms per atom of As are hydrolyzed by hot water trimetaphosphates
are formed, just as they are formed for all other high-molecular polyphos-
phates in solution (316).

#  When sodium arsenatophosphate glasses are tempered, substances with
needle-like crystals are formed, and these crystals are also isomorphous
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with the polyarsenates and the high temperature form of Maddrell’s salt.
They contain anionic chains of the same structure as these, which is also
evidence for the chain structure of the anions in polyarsenates and Mad-
drell’s salt (78, 174).

The number of phosphorus atoms per atom of arsenic entering into the
chain appears to depend on the temperature of tempering. A maximum of
7 P atoms to 1 of As is observed for higher temperatures. When the phos-
phorus content of the melt is greater, the excess easily crystallizes as tri-
metaphosphate. Mixtures of lithium arsenate and phosphate show similar
behavior. Thus when such melts or the glasses obtained by quenching them
are tempered, two types of crystalline lithium arsenatophosphate are
formed (302). The arsenic-rich monoclinic forms, containing five or more
As atoms per atom of P, are isomorphous with the low temperature forms
of lithium polyphosphate and lithium polyarsenate, which have the same
anion chain type as diopside [(Ca, Mg)Si0s], (138) (see Fig. 9a). The arsenic-
poor rhombie crystals with six or more atoms of phosphorus per atom of
arsenic are isomorphous with the high temperature form of lithium poly-
phosphate, the structure of which is similar to that of Li;SiO; (264).

1. Di- and Tri-arsenatophosphates

When mixed crystals of Na;HPO, and Na,HAsO, are heated, or a mix-
ture of the two salts is melted, diarsenatophosphates are formed. The
product contains the maximum possible amount of the anion type (b) and

o o L, ¢ L2 9 T
(—)O_FI,_O_Pl,_O(-) (_)O—E’—O—I}S—O(-) (_)O—AIs-—O—AIxs—O(-) (56)

] [0} [0} O O O

(=) (-) (-) (-) (-) (-)

(a) (b) (c)

not a mixture of all the three forms which might be expected. Only when
the original mixed crystal contains more atoms of P than of As does pure
diphosphate (a) appear as well as (b). The presence of excess As likewise
results in the formation of ().

Mixed ecrystals of NaH,PO, and NaH,AsO, yield symmetrical tri-
arsenatophosphates with the constitution shown, analogous to acid sodium
triarsenate, only if the As:P ratio in the mixed crystal is >2. If the As:P

PR
()H*lI&s—O—IJ’Ao*/% s—OH (57)
(0] O 0

(=) (=) (=)
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ratio is <2, acid diarsenatophosphate is first formed and this goes over
directly to high-molecular polyarsenatophosphate at higher temperatures
(315). Thus the (As . . . P) distribution in low-molecular polyarsenato-
phosphates is no longer statistical but favors the formation of P—O—As
bonds. This has recently been confirmed by Raman spectroscopy (35).

2. Potassium Polyarsenates and Arsenatophosphates

While the polyarsenates and arsenatophosphates of lithium and sodium
are closely related to the corresponding polyphosphates, the relationship
is more complicated for the potassium compounds. The dehydration
product of KH,AsO, which is formed above about 180°C (122) has the
analytical composition (KAsQO;). and exists in three forms (121, 298).

430° 530°
8-(KAsQ,)
¥ H,0 ve 430
KH,AsO, o -(KAsQ,) ,
58)
600°}|660° {
180-350° Quench
y-(KAsQ,) 1
HZO 3y Melt

The B-form occupies a special position. It may be obtained as a meta-
stable form at room temperature, while transformation into the e-form on
raising the temperature is retarded, and it cannot be converted directly
into the y-form.

Three crystalline forms of potassium polyphosphate also exist (22, 29)

510° 670° 810°
(KPO5),C = (KP03).B = (KPOy).A = melt (59)

but there are sharp and reversible transitions without any delay. It is not
possible to render the high temperature forms A or B metastable.

There is a series of arsenatophosphates corresponding with each of the
three forms of condensed potassium arsenate and phosphate, the transition
points and melting point of which vary systematically with composition
(see Fig. 10). A chain structure for the e-form of potassium arsenate and
arsenophosphate may be inferred from their isomorphism with (KPO;).B.
The vy-forms also contain high-molecular anionic chains for, when they
are hydrolyzed, monoarsenate and polyphosphates with chain length up
to n = 6 are formed, depending on their phosphorus content. No meta-
phosphate is produced, however.
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Fic. 10. Transition and melting points of potassium arsenatophosphates as a function
of the P: As ratio.

The A-form of the arsenatophosphate and g-KAsO; contain trimeric
anionic rings. This follows from the isomorphism with the low temperature
form of K;3(P;0y), which is formed when KH,PO, is treated with a mixture
of acetic acid and acetic anhydride (121). It may also be concluded from the
observation that in the hydrolysate of 8-arsenatophosphate it is possible to
detect, in addition to monoarsenate and a little trimetaphosphate, only
mono- and diphosphate, but no tri- or higher polyphosphate ({/2f). The
B-forms of arsenatophosphates contain anions of the types:

r o§ 0 (-) 1 . Oy /0(') a-
- S\ N

- O (¢} - () (@)
Yo a0 A

P , JAs_ _AS. (L
A0 s, AL ()
[ oo o) - T oQP,o(') I
(-) ~ \O (_ O/ ~

0\| l//O \' ’40

O¢P \O’AS\O(-)J i O¢P\O/P\O(-)

(60)



64 ERICH THILO

Their proportions clearly depend on the As:P ratio in the starting
material, and are found from the quantities of hydrolysis products, deter-
mined chromatographically. Assuming the reactivities of the arsenate and
the phosphate in melts are the same it is possible to calculate the amounts
of the products in a theoretical manner (365).

VII, Analysis of Condensed Phosphates

A. Crassicar, METHODS

Since all condensed phosphates are ultimately degraded to monophos-
phate in hot solution, especially at low pH, the total phosphorus(V)
content of a substance may readily be determined after hydrolysis either
gravimetrically or titrimetrically (109). However, as soon as it is a question
of estimating the content of separate components in mixtures of condensed
phosphates insuperable difficulties are encountered if methods depending
on precipitation, titration, or a combination of the two are used. Even a
quantitative precipitation of monophosphate is impossible if polyphos-
phates with chain length of n = 3 or more arc present in the solution. The
precipitating cation and the compound to be precipitated by it are partly
kept in solution by the polyphosphate; part of the polyphosphate is also
carried down by the precipitate. Both of these effects depend in their extent
in different ways on the nature and quantity of the substances present and
the analysis gives a correct quantitative result only in isolated instances
(116).

Provided only polyphosphates are present it is possible to determine
titrimetrically: (1) the end-group content of mixtures; (2) the content of
groups within the chain, after hydrolysis and by estimating the total
phosphate content; (3) the monophosphate content after precipitation
with silver nitrate (347). These methods are likewise of no use in presence
of meta- and cross-linked phosphates.

Since most technical products always contain the same constituents
in approximately the same amounts it has been possible to develop numer-
ous empirical methods which, for the most part, involve a combined
procedure based on precipitation and titrimetric determinations. These
are of practical use for particular purposes, e.g., in comparative determina-
tions, but have no claims to general validity (4, 9, 68, 70, 71, 75, 87, 187,
236, 240, 352).

B. DETERMINATION oF THE Two ForMS oF THE TRIPHOSPHATE,
NagP301,(I) anp (II), 1N THE PRESENCE oF ONE ANOTHER

One of the special methods mentioned above may be used in determining
the two forms of sodium triphosphate, one of which (NasP;01(I)) is unde-
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sirable in technical products (sce Section 1V,B,2), when they are present
together. The ratio of the two in a mixture cannot be estimated in solution,
since solutions of the two forms are identical. They differ, however, in their
rates of hydration and therefore in the heat evolved on solution. This effect
is applied in the so-called temperature increase test, which gives a measure
of the content of form I in the sample under study (7189). In addition the
two forms, together with other compounents, may be detected and estimated
by infrared spectroscopy (48) or by X-ray methods if the sample is crystal-
line (59, 178, 238). The isotope dilution method also gives reliable results
for the determination of triphosphate in simple cases (233).

C. PaPER CHROMATOGRAPHY

For mixtures of metaphosphates and polyphosphates with n = 1-10
only paper chromatography of the alkali salts is dependable. These must
be prepared when necessary from salts of other cations by ion exchange
(803, 305). Paper chromatography was worked out for the condensed
phosphates independently by Ebel (87) and Westmann and his co-workers
(855, 856). With its aid, it became possible for the first time to make an
exact analysis of mixtures of condensed phosphates, thereby obtaining
insight into the relationships governing their formation and transforma-
tions; it also became possible to correct many false conclusions arising from
earlier inadequate analytical methods. Later work brought improvements,
especially in the number of components which could be separated, and in the
development of the rclationship governing the R, values for the individual
phosphates. This proved to be that the logarithm of the B, value is a linear
function of the chain length n (117, 299).

log Ry = —an -+ b

Introduction of the technique of labeling the phosphate with radioactive
P# finally facilitated the quantitative determination of separate com-
ponents, the quantities of which were previously determined colorimetri-
cally after eluting the chromatogram spots with ammonia (171, 192).

Since the labeling technique was introduced, a large number of further
publications on the paper chromatography of phosphates have appeared
(159), but these papers will not be considered separately here. They serve
to confirm what was already partly known, and they describe improvements
in technique, thereby reducing the risk of hydrolysis of the condensed phos-
phates in the acid medium used in chromatography. They also show how
the accuracy of quantitative analysis could be increased (226).

A detailed study of the influence of cations (299) on the R; or Py values
of the separate phosphate components showed that the substances which
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migrate in the chromatogram are frce acids or acid salts. The difference in
the rate of migration of the individual phosphates depends on their decreas-
ing degrees of dissociation as the chain length increases and the associated
variation in the solubility of the migrating species in the chromatographic
liquid. The pH value or the acid:base ratio of the chromatographic liquid
is, in addition to the water, alcohol, and salt content, the determinative
factor for the chromatography of this class of substance. Chromatography
1s particularly valuable for the certainty with which it differentiates meta-
phosphates from polyphosphates. The former migrate better in alkaline
and the latter in an acid medium.

Highly condensed polyphosphates, which cannot be separated by paper
chromatography may be separated into groups by paper electrophoresis
(255). Paper chromatography allows the complete separation and quantita-
tive determination of all condensed phosphates with n up to 10, but its use
is limited to y-quantities.

D. ExcuaNGE CHROMATOGRAPHY

Separation by anion exchange has recently proved valuable in the
separation and purification of polyphosphates with chain lengths between
n = 5 and ~12. This is not possible by classical methods (14, 38, 85, 176,
185, 223). Using gradient elution, this method has the advantages of ease
of separation and the possibility of preparing some polyphosphates with
chain length greater than » = 4 in milligram quantities. With this method,
it is also possible to cxclude almost completely any hydrolysis of the
separate components of the phosphate mixture, even for small chain lengths
(105, 164, 857, 858).

The most recent proposal for analysis of condensed phosphates depends
on the examination of nuclear magnetic resonance spectra (43, 343).

REFERENCES

. Andress, K. R., and Fischer, K., Acta Cryst. 3, 399 (1950).

. Andress, K. R., and Fischer, K., Z. anorg. allgem. Chem. 278, 193 (1953).

3. Andress, K. R., Gehring, W., and Fischer, K., Z. anorg. allgem. Chem. 260, 331
(1949).

. Andress, K. R., and Wist, K., Z. anorg. allgem. Chem. 237, 113 (1938).

. Bale, W. ¥., Bonner, J. F., Hodge, H. C., Adler, H., Wreath, A. R., and Bell, R.,
Ind. Eng. Chem., Anal. Ed. 17, 491 (1945).

. Bamann, E., and Nowotny, E., Chem. Ber. 81, 442 (1948).

. Bamann, E., and Meisenheimer, M., Ber. deut. chem. Ges. T1, 2086, 2233 (1938).

. Barney, D. L., and Gryder, J. W., J. Am. Chem. Soc. T7, 3195 (1955).

. Bell, R. N., Anal. Chem. 19, 97 (1947).

10. Bell, R. N., Ind. Eng. Ckem. 39, 136 (1947).

11, Bell, R. N., Ind. Eng. Chem. 40, 1464 (1948),

12. Bell, R. N., Audrieth, L. F., and Hill, O. F., Ind. Eng. Chem. 44, 568 (1952).

18. Berzelius, J., Poggendorffs Ann. [2] 19, 326 (1830),

W M~

+~

X~ D [

©



14,
15,
16.

17.
18.
19.
20.
21.
22.
23,
24.
25.

26.

27.
28.
29.
30.
31,
s2.
33.
34.

35.
36.
37.
38.
39.

CONDENSED PHOSPHATES AND ARSENATES 67

Beukenkamp, J., Rieman ITI, W., and Lindenbaum, S.; Anal. Chem. 26, 505 (1954).
Biberacher, G., Z. anorg. allgem. Chem. 285, 86 (1956).

Bobtelsky, M., and Kertes, S., J. Appl. Chem. (London) 4, 419 (1954); &, 125, 675
(1955).

Bonneman, P., Compt. rend. acad. sci. 204, 865 (1937).

Bonneman, P., Compt. rend. acad. sci. 209, 214 (1939).

Bonneman-Bémia, P., Ann. chim, 16, 395 (1941).

Bonneman, P., and Bassitre, M., Compt. rend. acad. sci. 208, 1379 (1938).

Boullé, A., Compt. rend. acad. sci. 200, 658, 832 (1935).

Boullé, A., Compt. rend. acad. sci. 202, 662 (1936).

Boull¢, A., Compt. rend. acad. sci. 206, 915 (1938).

Boullg, A., Compt. rend. acad. sci. 216, 890 (1943).

Boullé, A., and Dominé-Berges, M., “Silicium—Schwefel—Phosphate,” Colloquim
der Sektion firr anorg. Chem. der IUPAC, Miinster, 1954. Verlag Chemie, Wein-
heim/Bergstr., Germany, 1955.

Boullé, A., Dominé-Berges, M., and Morin, C., Compt. rend. acad. sci. 241, 1772
(1955).

Boullé, A., and Dubost, M. P., Compt. rend. acad. sci. 247, 1864 (1958).

Boullé, A., and Dupont, M., Compt. rend. acad. sci. 240, 860 (1955).

Boullé, A., and Jary, R., Compt. rend. acad. sci. 287, 1707 (1953).

Boullé, A., and Morin, C., Compt. rend. acad. sci. 246, 1928 (1957).

Boull¢, A., and d’Yvoire, F. B., Compt. rend. acad. sci. 246, 531 (1957).

Brady, G. W., J. Chem. Phys. 28, 48 (1958).

Browkina, 1. A., Zhur. Obshchet Khim. 22, 1917 (1952).

Brown, K, H., Lehr, J. R., Smith, J. P., Brown, W. E., and Frazier, A. W,
J. Phys. Chem. 61, 1669 (1957),

Bues, W., Angew. Chem. 71, 376 (1959).

Bues, W., and Gehrke, H. W., Z. anorg. allgem. Chem. 288, 307 (1956).

Busch, N., and Ebel, J. P., Bull. soc. chim. France p. 758 (1956).

Busch, N., Ebel, J. P., and Blanck, M., Bull. soc. chim. France p. 486 (1957).
Buyers, A, G., Gicsbrecht, E., and Audrieth, L. ¥., J. Inorg. & Nucl. Chem. b, 133
(1957).

., Caglioti, V., Giacomello, G., and Bianchi, E., Ati reale accad. Italia. Rend. classe

sct. fis. mat. e. natur. {7} 3, 761 (1942).

. Callis, C. F., van Wazer, J. R., and Arvan, P. G., Chem. Revs. 64, 777 (1954).
. Callis, C. F., van Wazer, J. R., and Metealf, J. 8., J. Am. Chem. Soc. 77, 1468, 1471

(1955).

. Callis, C. F., van Wazer, J. R., and Shoolery, J. N., Anal. Chem. 28, 269 (1956).
. Campbell, D. Q., and Kilpatrick, M. L., J. Am. Chem. Soc. 76, 893 (1954).

. Campbell, J. A., and Schenker, C., J. Am. Chem. Soc. 87, 767 (1945).

. Chatterji, A. C., and Bhargava, H. N., Kollowd-Z. 170, 116 (1960).

. Cherbuliez, E., Leber, J. P., and Schwarz, M., Helv. chim. Acta 38, 1189 (1953).

. Chodakow, J. W., Compt. rend. acad. sci. U.R.8.8. 18, 203 (1944),

. Chodakow, J. W., Ber. Akad. Wiss. USSR (Engl. Trans.) 43, 203 (1944).

. Chodakow, J. W., Arb. Moskauer Ordshonikidse-Lufifahrtinst. 52, 20 (1955).

. Chodakow, J. W., Arb. Moskauer Ordshonikidse-Lufifahrtinst. 82, 20; S. G.

Kusmitschew, 36; W. W. Miltschenkow, 47; G. A. Browkina, 53 (1955).

. Clark, T., Edinburgh J. Sci. 7, 298 (1827).
. Clark, T., Ann. clam. et. phys. (2] 41, 276 (1829); Poggendorfls Ann. [2] 16, 509, 609

(1829).

. Corbridge, D. E. C., Acta Cryst. 8, 520 (1955).



68

55.
56.
57,
68,
59.
60.
61.
62,
63.
64
65.
66,
67.
68.
69.
70.

71.
72.

73.
74.
75,

76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.

91.

92.
93.
94.
95,
46.
97.
98.
99.

ERICH THILO

Corbridge, D. E. C., Acta Cryst. 9, 308 (1956).

Corbridge, D. E. C., Acta Cryst. 13, 263 (1960).

Corbridge, D. E. C., and Lowe, E. J., J. Chem. Soc. p. 493 (1954).

Corbridge, D. E. C., and Lowe, E. J., Anal. Chem. 27, 1383 (1955).

Corbridge, D. E. C., and Tromans, ¥. R., Anal. Chem. 80, 1101 (1958).
Crowther, J. P., and Westman, A. E. R., Can. J. Chem. 32, 42 (1954).

Crowther, J. P., and Westman, A. E. R., Can. J. Chem. 84, 969 (1956).

Davies, C. W., and Monk, C, B., J. Chem. Soc. p. 413 (1949).

Davies, D. R,, and Corbridge, D. E. C., Acta Cryst. 11, 315 (1958).

Davis, J. A., Dissertalion Abstr. 15, 2403 (1955).

de Decker, H. C. 1., Rec. trav. chim. 60, 413 (1941).

de Decker, H. C, 1., and MacGillavry, C. H., Rec. trav. chim. 60, 153 (1941).
Dewald, W., Angew. Chem, 67, 654 (1955).

Dewald, W., Z. anal. Chem. 149, 277 (1956).

Dewald, W., Z. anorg. allgem. Chem. 298, 279 (1959).

Dewald, W., and Schmidt, H., Z. anal. Chem. 184, 17, 86, 245 (1951); 186, 420
(1952).

Dewald, W., and Schmidt, H., Z. anal. Chem. 137, 178 (1952).

Dewald, W., and Schmidt, H., Fette, Seifen, Anstrichmittel 68, 500 (1953); Angew.
Chem. 6B, 78 (1953).

Dewald, W., and Schmidt, I1., Z. anorg. allgem. Chem. 272, 253 (1953).

Dewald, W., and Schmidt, H., J. prakt. Chem. 2, 196 (1955).

Dewald, W., Schmidt, H., and Neeb, K. H., Fette, Seifen, Anstrichmittel 568, 105
(1954); Z. anal. Chem. 138, 91 (1953).

Diamond, W. I, and Grove, J. E., J. Phys. Chem, 63, 1528 (1959).

Djurfeldt, R., and Samuelson, O., Acta Chem. Scand. 11, 1209 (1957).
Dornberger-Schiff, K., Liebau, F., and Thilo, E., Acta Cryst. 8, 752 (1955).
Dubost, M. P., Bull. soc. chim. France p. 810 (1959).

Dymon, J. I, and King, A. J., Acta Cryst. 4, 378 (1951).

Ebel, J. P., Compt. rend. acad. sci. 234, 621 (1952).

Ebel, J. P., Compt. rend. acad. sci. 234, 732 (1952).

Ebel, J. P., Bull. soc. chim. France, p. 1089, Mém. No. 20 (1953).

Ebel, J. P., Bull. soc. chim. France, p. 1096, Mém, No. 20 (1953).

Ebel, J. P., and Busch, N., Compt. rend. acad. sci. 242, 647 (1956).

Ebel, J. P., and Colas, J., Compt. rend. acad. sci. 239, 173 (1954).

Ebel, J. P., Colas, J., and Busch, N., Bull. soc. chim. France p. 1087 (1955).
Edwards, J. W., and Herzog, A. H., J. Am. Chem. Soc. 79, 3647 (1957).

von Engelhardt, W., and von Smolinski, A., Kolloid-Z. 161, 47 (1957).

Faber, W., German patent 734,511 Class 12i (application, July 12, 1940; granted,
April 17, 1943).

Federal Phosphorus Co., British patent 378,345 (application, March 4, 1932;
granted, September 1, 1932).

Fleitmann, T., Poggendorfls Ann. [2] T8, 233, 338 (1849).

Fleitmann, T., and Henneberg, W., Ann. 66, 304 (1848).

Fleitmann, T., and Henneberg, W., Ann. 65, 387 (1848).

TFrankenthal, L., J. Am. Chem. Soc. 66, 2124 (1944).

Friess, 8. L., J. Am. Chem. Soc. T4, 4027 (1952).

Funk, H., Angew. Chem. 70, 655 (1958).

Giesbrecht, E., J. Inorg. & Nucl. Chem, 1B, 265 (1960).

Giesbrecht, E., and Audrieth, L. F., J, Inorg. & Nucl. Chem. 8, 308 (1958).



100.

101.
102.

108.

104,
105.

106.

107,
108.
109.
110.
111,
112.
118.
114.
115,
116.
117,

118.

119,
120.
121.
122.
123.
124.
125.
126.
127,
128.
129,
150.

131.
132.

133,
184.
185
136.

137,

138,
139.
140.

141.
142,
143.

144.

CONDENSED PHOSPHATES AND ARSENATES 69

Ging, N. 8., and Sturtevant, J. M., J. Am. Chem. Soc. 76, 2087 (1954).
Goldstein, M., and Davies, T. H., J. Am. Ceram. Soc. 38, 223 (1955).

Graham, T., Phil. Trans. Roy. Soc. London, Ser. A123, p. 253 (1833).

Graham, 1., Poggendorffls Ann. [2] 82, 33 (1834).

Graham, T., Ann. Pharm. Liebigs 12, 1 (1834); 29, 1 (1839).

Grande, J. A., and Beukenkamp, J., Anal. Chem. 28, 1497 (1956).

Green, J., Ind. Eng. Chem. 42, 1542 (1950).

Griffith, K. J., J. Am. Chem. Soc. 76, 5892 (1954).

Griffith, E. J., J. Am. Chem. Soc. 78, 3867 (1956).

Griffith, E. J., Anal. Chem. 28, 525 (1956).

Griffith, E. J., J. Am. Chem. Soc. 79, 509 (1957).

Griftith, E. J., Ind. Eng. Chem. 51, 240 (1959).

Griffith, E. J., and Callis, C. F., J. Am. Chem. Soc. 81, 833 (1959).

Griffith, E. J., and van Wazer, J. R., J. Am. Chem. Soc. T7, 4222 (1955).

Gross, R. J., and Gryder, J. W., J. Am. Chem. Soc. T7, 3695 (1955).

Grunze, H., Silikattechnik 7, 134 (1956).

Grunze, H., Chem. Tech. (Berlin) 9, 466 (1957).

Grunze, H., and Thilo, ., Abhandl. deut. Akad. Wiss. Berlin, Kl. Math. u. allgem.
Naturw. 1953, No. 5, (1954).

Grunze, H., and Thilo, E., “Die Papierchromatographie der kondensierten Phos-
phate.”” 2., verbess. u. durch einen Beitr. v. W. Wieker ergiinzte Aufl. Akademie-
Verlag, Berlin, 1955.

Grunze, H., and Thilo, E., Z. anorg. allgem. Chem. 281, 284 (1955).

Grunze, H., and Thilo, E., Mber. deut. Akad. Wiss. 1, 510 (1959).

Grunze, 1., Dostdl, K., and Thilo, E., Z. anorg. allgem. Chem. 302, 221 (1959).
Guérin, H., Bull. soc. chim, France p. 440 (1953).

Guinier, A., and Yannaquis, N., Compt. rend. acad. sci. 244, 2623 (1957).
Gutzow, 1., Z. anorg. allgem. Chem. 302, 259 (1959).

Hackspill, L., and Lauffenburger, R., Compt. rend. acad. sci. 193, 397 (1931).
Hafford, B. C., Ind. Eng. Chem. 46, 1938 (1954).

Hall, R. E., U. 8. Patent 1,956,515 (April 24, 1934).

Hampson, G. C., and Stosick, A. J., J. Am. Chem. Soc. 60, 1814 (1938).

Hateh, G. B., U. 8. Patent 2,365,910 (1944).

Healy, R. M., and Kilpatrick, M. L., J. Am. Chem. Soc. 77, 5258 (1955).

Hecht, H., Z. anal. Chem. 148, 93 (1954).

Heckmann, K., and Gétz, K. G., Z. Elektrochem. 62, 281 (1958).

Herr, W., and Meyer-Simon, E., Z. Naturforsch, 6b, 462 (1951).

Hill, O. F., and Audrieth, L. F., J. Phys. & Colloid Chem. 54, 690 (1950).

Hill, W. L., Faust, G. I, and Hendricks, S. B., J. Am. Chem. Soc. 66, 794 (1943).
Hill, W. L., Faust, G. T., and Reynolds, D. 8., Am. J. Sct. 242, 457, 542 (1944).
Hill, W, L., Hendricks, 8. B., Fox, E. J,, and Cady, J. G., Ind. Eng. Chem. 89, 1667
(1947).

Hilmer, W., and Dornberger-Schiff, K., Acta Cryst. 9, 87 (1956).

Hofmann, H. J., and Andress, K. R., Naturwissenschaften 41, 94 (1954).
Hofstetter, R., and Martell, A. E., J. Am. Chem. Soc. 81, 4461 (1959).

Huber, H., Z. anorg, allgem. Chem, 230, 123 (1936).

Huber, H., Angew. Chem. 50, 323 (1937).

Huhti, A. L., and Gartaganis, P. A., Can. J. Chem. 34, 785 (19506).

Indelli, A., Ann. chim. (Rome) 46, 367, 717 (1956); Kongressber. Intern, Kongr.
reine angew. Chem., 16th Congr., Paris, 1957 p. 779.



70

145.
146.
147,
148.
149.
150.
151.
162.
153.
164,
155.
156.
167.
158.
154.
160,
161.
162.
163.
164.
166.
166,
167.
168.
169.

170.

171.
172,

173
174.
175.

176.

177.
178.
179.
180,

181.
182,
188.
184.
185.
186.

187.

ERICH THILO

Indelli, A., Ann. chim. (Rome) 47, 586 (1957).

Indelli, A., Ann. chim. (Rome) 48, 332 (1958).

Ingelman, B., and Malmgren, H., Acta Chem. Scand. 1, 422 (1947).

Irani, R. R., and Callis, C. F., J. Phys. Chem. 64, 1398 (1960).

Jameson, R. F., J. Chem. Soc. p. 752 (1959).

Jarchow, O., and Dornberger-Schiff, K., Acta Cryst. 18, 1020 (1960).

Jones, H. W., and Monk, C. B., J. Chem. Soc. p. 3475 (1950).

Jones, H. W., Monk, C. B., and Davies, C. W., J. Chem. Soc. p. 2693 (1949).
Jost, K. H., Z. anorg. allgem. Chem. 296, 154 (1958).

Jost, K. H., Chem. zvesti 18, 738 (1959).

Jost, K. H., Acta Cryst. 14, 844 (1961).

Jost, K. H., and Thilo, E., Cristallographia 6, 828 (1961).

Kaischew, R., and Stranski, I. N., Z. phystk Chem. (Leipzig) B26, 317 (1934).
Karbe, K., and Jander, G., Kolloid—DBezh. 54, 1 (1942).

Karl-Kroupa, E., Anal. Chem. 28, 1091 (1956).

Karl-Kroupa, E., Callis, C. F., and Seifter, E., Ind. Eng. Chem. 49, 2061 (1957)
King, C. 8., U. 8. Patent 2,419,147 (April 15, 1947).

Klement, R., and Popp, R., Naturwissenschaflen 44, 327 (1957).

Kohn, M., Anal. Chim. Acta 11, 18 (1954).

Kolloff, R. H., ASTM Bull. No. 237, 74 (1959).

Kroll, A. V., Z. anorg. allgem. Chem. 76, 387 (1912); 77, 1; 78, 95 (1912).
Kusmitschew, S. 1., Arb. Moskauer Ordshonikidse-Luftfahrtinst. 62, 36 (1955).
Lambert, S. M., and Watters, J. 1., J. Am. Chem. Soc. 79, 5606 (1957).

Lamm, O., and Malmgren, IL, Z. anorg. allgem. Chem. 245, 103 (1940).
Langguth, R. P., Osterheld, R. K., and Karl-Kroupa, E., J. Phys. Chem. 80, 1335
(1956).

Lecomte, J., Boullé, A., Morin, C., and Morandat, J., Compt. rend. acad. sct. 249,
2681 (1959).

Lederer, M., Anal. Chim. Acta 11, 524 (1954).

Levi, G. R., and Peyronel, G., Z. Krist., Mineral. Petrog. Abt. A. z. Krist. 92, 190
(1935).

Liddell, R. W., J. Am. Chem. Soc. 71, 207 (1949).

Liebau, F., Acta Cryst. 9, 811 (1956).

Liebig, J., Ann. Pharm. 26, 113 (1838); Reprint: “Ostwald’s Klassiker der exakten
Wissenschaften,” No. 26. Akademische Verlagsges., Leipzig, 1938.

Lindenbaum, 8., Peters Jr., T. V., and Rieman ITI, W., Anal. Chim. Acta 11,
530 (1954).

Lidert, A., Z. anorg. allgem. Chem. B, 15 (1894).

Mabis, A. J., and Quimby, O. T., Anal. Chem. 25, 1814 (1953).

MacArthur, D. M., and Beevers, C. A., Acta Cryst. 10, 428 (1957).

MacGillavry, C. H., de Decker, H. C. 1., and Nijland, L. M., Nature (London)
164, 448 (1949).

Maddrell, R., Ann. Chem. Pharm. 61, 53 (1847).

Malmgren, H., Acta Chem, Secand. 3, 1331 (1949).

Malmgren, H., and Lamm, O., Z. anorg. allgem. Chem. 262, 256 (1944).

Martell, A. E., and Schwarzenbach, G., Helv. Chim. Acta 89, 653 (1956).
Matsuhashi, M., J. Bioclem. (Tokyo) 44, 65 (1957).

McCullough, J. F., van Wazer, J. R., and Griffith, E. J., J. Am. Chem. Soc. 78,
4528 (1956).

MecCune, H. W., and Arquette, G. J., Anal. Chem. 27, 401 (1955).



188.
189.
190.
191.
192.
198.
194.
195.
196.
197.
198.
199.
200.
201.
202.

208.
204.
205.
206.
207.
208.
209.
210.
211.
212,
218.
214.
215.
216.
217.
218.
219.
220.
221.

222.

223.
224.
225,
226.
227.
228.
229.
230.

231.

232.

CONDENSED PHOSPHATES AND ARSENATES 71

McCune, H. W,, and Wilkins, N., Anal, Chem. 26, 1524 (1954).

McGilvery, J. D., ASTM Bull. No. 191, 45 (1953).

McGilvery, J. D, and Scott, A, E., Can. J. Chem. 82, 1100 (1954).

Meclntosh, A. O., and Jablonski, W, L., Anal. Chem. 28, 1424 (1956).

Meissner, J., Z. anorg. allgem. Chem. 281, 293 (1955).

Meyerhof, O., Shatas, R., and Kaplan, A., Biochim. et Biophys. Acta 12, 121 (1953).
Michaels, A. 8., Ind. Eng. Chem. 60, 951 (1958).

Monk, C. B., J. Chem. Soc. p. 423 (1949).

Monk, C. B., J. Chem. Soc. p. 1314 (1952).

Monk, C. B., J. Chem. Soc. p. 1317 (1952).

Morey, G. W., J. Am. Chem. Soc. T4, 5783 (1952).

Morey, G. W, J. Am. Chem. Soc. 75, 5794 (1953).

Morey, G. W., J. Am. Chem. Soc. 76, 4724 (1954).

Morcy, G. W., J. Am. Chem. Soc. 80, 775 (1958).

Morey, G. W., Boyd Jr., F. R., England, J. L., and Chen, W. T., J. Am. Chem.
Soc. 77, 5003 (1955).

Morey, G. W., and Ingerson, E., Am. J. Sci. 242, 1 (1944).

Morin, C., and Boullg, A., Compt. rend. acad. sci. 260, 4165 (1960).

Morin, C., and Boullé, A., Compt. rend. acad. sci. 261, 1013 (1960).

Morin, C., Dubost, M, P., and Boullé, A., Compt. rend. acad. sci. 249, 1116 (1959).
Muller, N., Lauterbur, P. C., and Goldenson, J., J. Am. Chem. Soc. 78, 3557 (1956).
Mutschin, A., and Maennchen, K., Z. anal. Chem. 160, 81 (1958).

Nylén, P., Z. anorg. allgem. Chem. 229, 30 (1936).

Ohashi, S., and Sugatani, H., Buwll. Ckem. Soc. Japan 30, 864 (1957).

Ohashi, S., and van Wazer, J. R., J. Am. Ckem. Soc. 81, 830 (1959).

Ondik, H. M., and Gryder, J. W., J. Inorg. & Nucl. Chem. 14, 240 (1960).
Osterheld, R. K., and Audrieth, L. F., J. Phys. Chem. b6, 38 (1952).

Osterheld, R. K., and Langguth, R. P., J. Phys. Chem. 59, 76 (1955).

Osterheld, R. K., and Markowitz, M. M., J, Phys. Chem. 60, 863 (1956).

Parks, J. R., and van Wazer, J. R., J. Am. Chem. Soc. 79, 4890 (1957).
Partington, J. R., and Wallson, H. E., Ckem. News 136, 97 (1928).

Partridge, E. P., Hicks, V., and Smith, G. W., J. Am. Chem. Soc. 63, 454 (1941).
Pascal, P., Bull. soc. chim. France [4] 33, 1611 (1923); 86, 1119, 1131 (1924).
Pauling, L., J. Am. Chem. Soc. b1, 1010 (1929).

Pauling, L., “The Nature of the Chemical Bond.” Cornell Univ. Press, Ithaca,
New York, 1948.

Pauling, L., and Sherman, J., Z. Krist., Mineral. Petrog. Abt. A. z. Krist. 96, 481
(1937).

Peters Jr., T. V., and Rieman III, W., Anal. Chim. Acta 14, 131 (1956).
Pfanstiel, R., and Iler, R. K., J. Am. Chem. Soc. T4, 6059 (1952).

Pfanstiel, R., and Tler, R. K., J. Am. Chem, Scc. 78, 5510 (1956).

Pfrengle, O., Z. anal. Chem. 168, 81 (1957).

Porthault, M., and Merlin, J. C., Bull. soc. chim. France p. 359 (1959).
Porthault, M., and Merlin, J. C., Compt. rend. acad. sci. 250, 1067 (1960).
Porthault, M., and Merlin, J. C., Compt. rend. acad. sci. 260, 3332 (1960).
Prince, A. T., and Forman, 8. A., Can. Dept. Mines and Tech. Surveys, Mines
Branch, Ottawa. Research Rept. MD-127 (1952).

Prince, A. T., Forman, 8. A., and Lindsey, J. M., Can. Dept. Mines and Tech.
Surveys, Mines Branch, Ottawa. Research Rept. MD-151 (1953).

Quimby, O. T., Chem. Revs. 40, 141 (1947).



72

233.
234.
235.
236.
237.
238.
239,
240.
241.
242.
243,
244,
245.
246.

247.
248.
249.

250.
251.
252.
253,
254.
255,
256.
267.
258.
259,
260.
261.

262.
263,
264,
265.
266.
267.

268.
264.
270.
271.
272.
273.
274,
275,
276.
277.
278.

ERICH THILO

Quimby, O, T., J. Plys. Chem. b8, 603 (1954).

Quimby, O. T., and Flautt, T. J., Z. anorg. allgem. Chem. 296, 220 (1958).
Quimby, O. T., Mabis, A. J., and Lampe, H. W., Anal. Chem. 26, 661 (1954).
Quimby, O. T., and McCune, H. W., Anal. Chem. 29, 248 (1957).

Ritz, R., and Thilo, E., Ann. 672, 173 (1951).

Raistrick, B., J. Roy. Coll. Sei. 19, 9 (1949).

Raistrick, B., Discussions Faraday Soc. No. b, 234 (1949).

Raistrick, B., Harris, F. J., and Lowe, E. J., Analyst 76, 230 (1951).

Reimer, I{, G., Thesis for Diploma, Humboldt University, Berlin, 1953.

Rémy, P, and d’Yvoire, F., Compt. rend. acad. sci. 260, 2213 (1960).

de la Roche, B3,, and Perot, G., Bull. soc. chim. France p. 307 (1953).

Rodionowa, N. I., and Chodakow, J. W., Zhur. Obshchet Khim. 20, 1347 (1950).
Romers, C., Ketelaar, J. A. A., and MacGillavry, C. II., Acta Cryst. 4, 114 (1951).
Ropp, R. C., Aia, M. A,, Hoffman, C. W. W, Veleker, T. J., and Mooney, R. W.,
Anal. Chem. 31, 1163 (1959).

Rothmund, V., and Koruleld, G., Z. anorg. allgem. Chem. 103, 129 (1918).

Rudy, H., Angew. Chem. b4, 447 (1941).

Rudy, H., “Altes und Neues iiber kondensicrte Phosphate.” Benckiser, Lud-
wigshafen 1960.

Rudy, H., and Schloesser, H., Ber. deut. chem. Ges. T3, 484 (1940).

Saini, G., and Trossarelli, L., Ann. chimi. (Kome) 46, 147 (1956).

Saini, G., and Trossarelli, L., Ann. chimi. (Rome) 46, 162 (1956).

Salzer, T., Arch. Pharm. Ber. deut. pharm. Ges. 232, 365 (1894).

Samuclson, O., Svensk. Kem. Tidskr. 56, 343 (1944).

Sansoni, B., and Klement, R., Angew. Chem. 65, 422 (1953); 66, 598 (1954).
Schindewolf, U., Naturwissenschaflen 40, 435 (1953).

Schindewolf, U., Z. Elektrochem. b8, 697 (1954).

Schindewolf, U., Z. physik. Chem. (Frankfurt) 1, 129 (1954).

Schindewolf, U., Z. physik. Chem. (Frankfurt) 1, 134 (1954).

Schindewolf, U., and Bonhoeffer, K. F., Z. Elekirochem. 5T, 216 (1953).
Schmulbach, C. D., van Wazer, J. R., and Irani, R. R., J. Am. Chem. Soc. 81, 6347
(1959).

Schulz, 1., Z. anorg. allgem. Chem, 287, 106 (1956).

Schwarz, H., Z. anorg. allgem. Chem. 9, 249 (1895).

Seemann, H., dcta Cryst. 8, 251 (1956).

Senise, P., and Delahay, P., J. Am. Chem. Soc. T4, 6128 (1952).

Shen, C. Y., Mctealf, J. 8., and O’Grady, E. V., Ind. Eng. Chem. b1, 717 (1959).
Shima, M., Hamamoto, K., and Utsumi, 8., Bull. Chem. Soc. Japan 38, 1386
(1960).

Simon, A., and Steger, E., Z. anorg. allgem, Chem. 277, 209 (1954).

Simon, A., and Thaler, E., Z. anorg. allgem. Chem. 161, 143 (1927).

Smith, M, J., Can. J. Chem. 37, 1115 (1959),

Smith, R. M., and Alberty, R. A., J. Am. Chem. Soc. 78, 2376 (1956).

Sonntag, A., Angew. Chem. 6T, 409 (1955).

Stange, M., Z. anorg. allgem. Chem. 12, 444 (1896).

Steger, E., Z. anorg. allgem. Chem. 294, 146 (1958).

Steger, ., and Simon, A., Z. anorg. allgem, Chem. 294, 1 (1958).

Stone, P. E., Egan Jr., E. P,, and Lehr, J. R., J. Am. Ceram. Soc. 39, 89 (1956).
Stranski, I. N., and Kaischew, R., Physik. Z. 36, 393 (1935).

Strauss, U, P., J. Am. Chem. Soc. 80, 6498 (1958).



279.
280.
281.
282,
283.
284.

286.
286.
287.
288.
289.
290.
291.
292,
298.
294,
296.
2986.

297.
298.
299.
300.
301.
302.
303.

304.
305.
306.
307.
308,
309.
310.
311.
312.
313.
814.
315.
316.

317.
318.
319,
8320.
321.
322.
323.
824.

CONDENSED PHOSPHATES AND ARSENATES 73

Strauss, U. P., and Ander, P., J. Am. Chem. Soc. 80, 6494 (1958).

Strauss, U. P., and Bluestone, S., J. Am. Chem. Soc. 81, 5292 (1959).

Strauss, U. P., and Day, J. W., J. Am. Chem. Soc. 81, 79 (1959).

Strauss, U. R., and Ross, P. D., J. Am. Chem. Soc. 81, 5295, 5299 (1959).
Strauss, U. P., and Smith, E. H., J. Am, Chem. Soc. 75, 6186 (1953).

Strauss, U. P., Smith, E. H., and Wineman, P. L., J. Am. Chem. Soc. 75, 3935
(1953).

Strauss, U. P., and Treitler, T. L., J. Am. Chem. Soc. T7, 1473 (1955).

Strauss, U. P., and Treitler, T. L., J. Am. Chem. Soc. 78, 3553 (1956).

Strauss, U. P., and Wineman, P. L., J. Am. Chem. Soc. 80, 2366 (1958).

Strauss, U. P., Woodside, D., and Wineman, P., J. Phys. Chem. 61, 1353 (1957).
Subbaraman, P. R., and Shetty, P. 8., Anal. Chim. Acta 22, 495 (1960).
Tammann, G., Z. physik. Chem. 6, 122 (1890).

Tammann, G., J. prakt. Chem. 46, 417 (1892).

Tarbutton, G., and Deming, M. E., J. Am. Chem. Soc. 72, 2086 (1950).
Teichert, W., Acta Clem. Scand. 2, 414 (1948).

Teichert, W., and Rinman, K., Acta Chem. Scand. 2, 225 (1948).

Thilo, E., Ctem. Tech. (Berlin) 4, 345 (1952); Angew. Chem. 64, 510 (1952).
Thilo, E., S.-Ber. deut. Akad. Wiss. Berlin, Kl. Math. wu. allgem. Natur. 1962,
No. 1.

Thilo, E., Zhur. Obshchel Khim. 29, 1621 (1956).

Thilo, E., and Dostdl, K., Z. anorg. allgem. Chem. 298, 100 (1959).

Thilo, E., and Feldmann, W., Z. anorg. allgem. Chem. 298, 316 (1959).

Thilo, E., and Feldmann, W., unpublished.

Thilo, E., and Funk, H., Z. anorg. allgem. Chem. 278, 28 (1953).

Thilo, E., and Grunze, H., Z. anorg. allgem. Chem. 281, 262 (1955).

Thilo, E., Grunze, H., Himmerling, J., and Werz, G., Z. Naturforsch. 11b, 266
(1956).

Thilo, E., and Grunze, L., Z. anorg. allgem. Chem. 290, 209 (1957).

Thilo, E., and Grunze, 1., Z. anory. aligem. Chem. 290, 223 (1957).

Thilo, E., Grunze, 1., and Grunze, H., Mber. deut. Akad. Wiss. 1, 40 (1959).
Thilo, E., and Hauschild, U., Z. anorg. allgem. Chem. 261, 324 (1950).

Thilo, E., and Kolditz, L., Z. anorg. allgem. Chem. 278, 122 (1955).

Thilo, E., and Plactschke, 1., Z. anorg. allgem, Chem. 260, 297 (1949).

Thilo, E., and Plaetschke, 1., Z. anorg. allgem. Chem. 260, 315 (1949).

Thilo, E., and Ritz, R., Z. anorg. allgem. Chem. 268, 33 (1949).

Thilo, E., and Réatz, R., Z. anorg. allgem. Chem. 260, 255 (1949),

Thilo, E., and Rattay, K. H., J. prakt. Chem. [4] 1, 14 (1954).

Thilo, E., and Sauer, R., J. prakt. Chem. [4] 4, 324 (1957).

Thilo, E., and Schulz, G., Z. anorg. allgem. Chem. 266, 34 (1951).

Thilo, E., Schulz, G., and Wichmann, E. M., Z. anorg. allgem. Chem. 272, 182
(1953).

Thilo, E., and Seemann, H., Z. anorg. allgem. Chem. 267, 65 (1951).

Thilo, E., and Sonntag, A., Z. anorg. aligem. Chem. 291, 186 (1957).

Thilo, E., Sonntag, A., and Rattay, K. H., Z. anorg. allgem. Chem. 288, 365 (1956).
Thilo, E., and Wallis, M., Chem. Ber. 86, 1213 (1953).

Thilo, E., and Wieker, W., Z. anorg. allgem. Chem, 277, 27 (1954).

Thilo, E., and Wieker, W., Z. anorg. allgem. Chem. 291, 164 (1957).

Thilo, E., and Wieker, W., Z. anorg. allgem. Chem. 318, 296 (1961).

Thilo, E., Winkler, A., and Hofsiss, H., J. prakt. Chem [4] T, 46 (1958).



74

325,
326.
327.
328.
329.
330.
331.
332.
383.
334.
835,
336.

337.

338.
339,
340.

841,
842,
3843,

344.

345.
346.

347.
348.

349.
350.
351,
352.
363.
354.
356,
366.
357,
368.
359.
360.
361.
362.
363.
364.
366.
366.

ERICH THILO

Thilo, E., and Woggon, H., Z. anorg. allgem. Chem. 277, 17 (1954).

Topley, B., Quart. Revs. (London) 8, 345 (1949).

Travers, A., and Chu, Y. K., Compt. rend. acad. sci. 198, 2169 (1934).

Treadwell, W, D, and Leutwyler, I*., Helv. chim. Acta 20, 931 (1937).

Treadwell, W. D., and Leutwyler, F., Helv, chim. Acta 21, 1450 (1938).

Tromel, G., Stahl v. Fisen 63, 21 (1943).

Volmar, Y., Ebel, J. P., and Bassili, Y. F., Bull. soc. chim. France 20, 1085 (1953).
Walden, P., Z. phystk. Chem. 2, 49 (1888).

Wall, ¥, T., and Doremus, R. H., J. Am. Chem. Soc. 76, 868 (1954).

Warschauer, F., Z. anorg. allgem. Ckem. 36, 137 (1903).

Watters, J. 1., and Lambert, 8. M., J. Am, Chem. Soc. 81, 3201 (1959).

Watters, J. 1., Lambert, 8. M., and Loughran, E. D., J. Am. Chem, Soc. 79, 3651
(1957).

Watters, J. 1., Loughran, E. D., and Lambert, 8. M., J. Am. Chem. Soc. 78, 4855
(1956).

van Wazer, J. R., J. Am. Chem. Soc. 12, 644 (1950).

van Wazer, J. R., J. Am. Chkem. Soc. 72, 647 (1950).

van Wazer, J. R., “Phosphorus and its Compounds. Vol. I. Chemistry.” Inter-
science, New York, 1958.

van Wazer, J. R., and Besmertnuk, E., J. Phys. & Colloid Chem. 54, 89 (1950).
van Wazer, J. R., and Callis, C. F., Chem. Revs. 58, 1011 (1958).

van Wazer, J. R., Callis, C. F., and Shoolery, J. N., J. Am. Chem. Soc. T7, 4945
(1955).

van Wazer, J. R., Callis, C. F., Shoolery, J. N., and Jones, R. C., J. Am. Chem. Soc.
78, 5715 (1956). R

van Wazer, J. R., and Campanella, D. A., J. Am. Chem. Soc. T2, 655 (1950).

van Wazer, J. R., Griffith, E, I., and McCullough, J. F., J. Am, Chem, Soc. 74,
4977 (1952).

van Wazer, J. R., Griffith, E. J., and McCullough, J. F., Anal. Chem. 26, 1775
(1954).

van Wazer, J. R., Griffith, E. J., and McCullough, J. F., J. Am. Chem. Sec. 7T,
287 (1955).

van Wazer, J. R., and Holst, K. A., J. Am, Chem. Soc. 72, 639 (1950).

van Wazer, J. R., and Karl-Kroupa, E., J. Am. Chem. Soc. T8, 1772 (1956).

van Wazer, J. R., and Ohashi, S., J. Am. Chem. Soc. 80, 1010 (1958).

Weiser Jr., H. I., Anal. Chem. 28, 477 (1956).

Westman, A. E. R., and Crowther, J., J. Am. Ceram. Soc. 87, 420 (1954).
Westman, A. E. R., and Gartaganis, P. A., J. Am. Ceram. Soc. 40, 293 (1957).
Westman, A. E. R., and Scott, A. E., Nature (London) 168, 740 (1951).
Westman, A, E. R., Scott, A. E., and Pedley, J. T., Chem. in Can. 4, 35 (1952).
Wieker, W., Z. Chem. 1, 211 (1961).

Wieker, W., Z. Elekirochem. 64, 1047 (1960).

Wieker, W., Z. anrorg aligem. Clem, 313, 309 (1961),

Wieker, W., Grossmann, A., and Thilo, E., Z. anorg. allgem. Chem. 307, 42 (1960).
Wicker, W., and Thilo, E., Z. anorg. allgem. Chem. 806, 48 (1960).

Wiesler, A., Z. anorg. allgem. Chem. 28, 177 (1901).

Winkler, A., Hofsiss, H., and Thilo, E., Z. anorg. allgem. Chem. 306, 317 (1960).
Winkler, A., and Thilo, E., Z. anorg. allgem. Chem. 298, 302 (1959).

Wodtcke, F., and Thilo, E., Mber. deut. Akad. Wiss. 1, 508 (1959).

Wolhoff, J. A., and Overbeek, J. T. G., Rec. trav. chim. 18, 759 (1959).



367.
368.
369.
370.
571.
372.

CONDENSED PHOSPHATES AND ARSENATES 75

Yamane, T., and Davidson, N., J. Am. Chem. Soc. 82, 2123 (1960).

Yannaquis, N., and Guinier, A., Bull. Soc. franc. minéral. et crist. 82, 126 (1959).
d’Yvoire, F., Compt. rend. acad. sci. 261, 2182 (1960).

Zachariasen, W. H., Z. Krist., Mineral. Petrog., Abt. A. z. Krist. 73, 1 (1930).
Zettlemoyer, A. C., and Schneider, C. H., J. Am. Chem. Soc. 78, 3870 (1956).
Zettlemoyer, A, C., Schneider, C. H., Anderson, H. V., and Fuchs, R. J., J. Phys.

Chem. 61, 991 (1957).





